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(54) Programmable modem using spread spectrum communication 



(57) The programmable modem for digital data of 
the present invention provides a highly programmable, 
digital modem implemented in an integrated circuit 
which can be customized to specific applications. The 
programmable modem uses spread spectrum tech- 
niques and is specifically programmable to alter the pa- 



rameters of the modem to improve performance. The 
present invention also provides a systematic method 
and development kit to provide rapid customization of a 
modem for a particular application or for rapid specifi- 
cation of a high-performance application specific inte- 
grated circuit modem. 
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Description 

Backgrou nd of the Invention 
Field of the Invention 
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modem to improve performance. Hwitdiiy programmable to alter the parameters of the 
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techn^es^ 

is spread over a ^^^^^3"^ ,-Chnk,U - in 3 ^ 

into multiple sub-bits (common, called Siw a^?e^t^ m?,n " d0ne by break ' ng ° P each data blt 

code bits)) that are then modulated TnT n rT ! h apphcanon as PN code bits or chips (Pseudo No.se 

communication ,in kS , theim reque y bTdcTbe ^ZZlZ^ ^ ^ *' «*™ 

as the transmitter, the receiver can coZ^nHrZl h s.multaneous links. Using the same PN code 

other receivers that use oZ7ccTes Z 0 me, tr"n^ ' W b3Ck '° the data Wile 

communication technique!*^ C3nn0t Advanta 9 es °< -ing spread spectrum 

biiity of sharing the same frequency band TlT 7 ° ,nterterence caused other signa. sources, the possi- 
and a guarantee on ZlsaaecXll rl T ^'^9 appl-cations, a potential for high effective data rates 
in order to realize t^uSK 3963 ^ " paC,,Um ' eChn ' queS a Drefe - d <^°'°9 
in wireless iocal areaTZS or S ^ n °' Sy Wh6r ° r ° buSlness of the link is crucial, like 

or indoor office enviro^mems env.ronmen.s with h,gh and unpredictable interference leve,s or in home 

US' pTnoT SXpTT! SP6CtrUm C ° mmUnicatlon me,hod * we,, known, 
channel making ^^^^T ™T *" *«a on a communication 

frequency waveform ^mmumcanon techniques using direct sequences that approximate a swept 

PN code' 3 '- 5 '° 22 ' 047 diSC ' 0SeS 30 apparatus f0f decodinQ "c-'v- spread spectrum signals modulated with a 

sequent spread ZS^^^ ^ 9 M ° and ^ ^ -ing direct 

^^^^^^t 1 ^"^ tranSmitt ' n9 reCeiV ' n9 dl9ital data ^ *™ -quence 
code bit ^u^-T^S ™„ST e8 " tranSCeiVer 3130 inC ' UdeS C ' rCU " meanS ' 0r Selectln S Afferent PN 

Onhcw^^^^ W ' re,eSS dlfect *P-* -Pectrum d.gua, celiular t e, eP hone system. 

with^ a 2":^^^:;: meCnamSm " eXUaCtin9 hy ° nd '^-V^^rec, sequence signals 

quaoSu^-phase Z^Tc^S^ '°' b " U,Ca " ng lfanSm ' SS,on ove ' an «"d 

Phase branch Bothltm^and ^™ ' ^ °° "~ "* m ^ 

^^t^VZ^^^ CDMA/QPSK Mobile Communication Modem." CSP Appiicafons. 
as an in ecratcd circuj hat can b TZJ * roh * eclore °' 3 " eX,bl8 modem cfl 'P ("chips- herein to be understood 
called the Programma! e Mobt Com T * ^ °' tr3nSCO!Vcrs is This modem C h,o is 

realized as ar nZatd ci^it SnTH ' ' ^ * Pr ° 9rammab,e t0 a laf Se extent. The chio is 

dirferentappncaS tt^CMc^^ COre '1 " r6U3able ' thSre '' Cre 3dapted programme for 

DSP chip ' ' ChlP 15 U36d as one Partof a ch,p set. the other P art being any ccmmercally available 

A modem is a device thai is designed to op„ma,ly transmit data over a particular specified channel There exists 
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many i yP es of channels. Hence there exist many types of modems. 

Th.s is also true for the particular case of direct sequence spread spectrum (DSSS) modems From the chara- 

^l S a °nH , r ' eL !" d ? S reqUifed per,ormance 01 ,he modem for »*« Particular channel, the structure of the 
modem and a large number ol modem parameters are selected. There is no systematic way to make these selection! 
.n the prior an I, ,s rather the art of the modem designer that makes a good modem design 

Tnc '° a,c a number of methods and tools for supporting the design of large and complex electronic systems such 

dLnal ^r rOCSS , SOr SyS,emS Th6Se SyStemS COmprise many pans M are vef * Afferent, such as control 
dominated parts, reacts parts, data flow parts, and structurally described pans. Such systems are referred to as 
heterogeneous systems. The methods and tools propose a unifymg specification paradigm to capture a behavicra 
specl.ca.ion of a large and complex, heterogeneous digital or mixed digital/analog electronic systems. These methods 
and tools propose a simulator concept to cope with all aspects of the various parts of the specified system The methods 
and ioos propose a smgle implementation targe, for heterogeneous systems. Examples are named Ptolemy by the 
UrwverMy o. Berkeley, California, COSSAP by the RWTH Aachen. Germany (now commercialized by CADDIS a sub- 
sidy Com Syncpsys) or GRAPE by the University of Leuven, Belgium. 

Summary ol the Invention 



rJZ ^ communicati °n systems, a key technological requirement is a physical modem. A modem 

( rnoo 0 ..,.o- aomoduiatof) can be defined as an apparatus that converts data into a signal suited for transmission over 
d phywc.,1 ..Mn.,01 and that can convert a received signal into data again. For state-of-the-art and future wireless 
appl^u*,, . ...J,,,,,,) should be able to transmit and receive data very power-efficiently and very robustly Modem 
(s) shouki „cc,pi n, qh data-rates and transport data-streams in real-time, independent of the number of links that are 
simu inrcoji!-,- relive in the same area. 

Sp.c..a «ecifom techniques are a preferred technology to realize such communication systems for use on noisy 

IZTJZt'^ "=r r0 ^ s l0Cal . area ne,works < indus <" al environments with high and unpredictabie interference 

levels Of in homo or mdoor ofnee environments. 

t^Z^LZo^T, ar V S ,0 ' m H Plement Parts of P h * sical modems uprising spread spectrum communication 
te.hnicsflouhroiogy as an integrated circuit. US Pat. No. 5,359,625, US Pat. No. 5,309.474 and US Pat No 5 357 541 
d,scloso th* onion The company Atmel offers for sale a chip set comprising a micro controller and a spread spectrum 

Jnr ZZT?™ ( AT45S0 V hiS Spread SpeC,fUm Signal processor uprises control functions for the demodulation 
and moduU.cn of signals. This chip set is intended for use in cordless telephone applications. The company Stanford 
Telecom otters the STEL-2000 and STEL-2000A chips, providing probability for short code lengths and fast 

I C . COfrPany AM ' '° r 5316 the 320043 Chip - Synch^ization and formatting functionary have been 
implemen ed m harcware. The ch,p has limited programmability The company Zilog offers a chip set comphsingl 
22000. a sp(Cld spccIrum base band and transcejvef chjp me Z1£2 a m . cro cQntro|ier P P , the 



nicafon mc^em ^ t h ^ ^ ^ implementalion <* a spread spectrum conm, 

state-of-the-art chips require a high number of peripheral components surrounding the basic chip Moreover the lack 
of a fully digital implementation makes these modems inherently slow and expensive 

i he present inventors recognized these shortcomings and recognized that in order to provide cosi^ffective and 

TeZTlT 7 T " 9 aPP ' iCali0n 3 hi9h ,6Vel °' ^am^, and a high degree ^o Tn e In s 
preferred. Integrated crcu.t modems with embedded microprocessor cores provide a high level of integration and 

combined with an on-chip general purpose processor. 

today's state-of-the-art wireless communication modems support maximum data rates to 1 Mbit/sec Aoolications 

or 2 oMoSr; w,re,ess lans (uocai Area nms) and Mu,timedia appiica,i ° ns ™» tiizz 

oi 20Mb,t/sec This le qu,res a substantial increase in the signal data rale. In order to obtain robust data transfer lona 

Sere IZZ ^T' 9 ^ ^ H ° W6Ven lhere 3re NmitS *° ,he bandwid,h inc ' ease (or Practical reasons 
bsnl rtih m 71 3 ,echni ^ ue that "mbines the requirements of high data rate, long PN codes and limited 
bandwidth. None of the prior art discloses such a technique. 

ae.erTsSs and^T ""T' T S6leCtS m ° dem a ' 9 ° ri,hmS and parameters based upon the channel char- 

actcristics and the required modem performance. This design can be accelerated with a fast simulator for particular 
modem algorithms, mcluding particular modem parameters and the ability to observe many internal signals 
in ,hl Ilf'n'L 5 , 1 ™ 13 ' 0 ' ' S 3 reaMime ' Parametrizable modem. Such a "modem development kit" would allow increase 
pr I..' - oneo mo' " mS ° bS6rVabili,y * 3 pr °9 ra ™ able •««*"■ •<« o. the present invention com 

the modem ThT l Pr ° 9 / ammable modems < wi,h a ™W< attached to each modem to provide a user interface to 
modem. The user interface facilitates easy programming of the modem (controllability aspect), and observance of 
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the internal and external behavior of the modem (observability aspect). 

None of the prior an teaches or discloses a modem that is sufficiently Droaramm*hi* m * 

Advantageously, a modem development kit also provides determination of the specifications for trance,, k - 

E«St XT a^nce^ CWPS ,h6n deriVatiV6S °' ,he ^neric^r ng e2 

« ~n^^ • -lopment * provides a reltime 

toiJ^ol^iSS^T^,'^ 35 d6SCribed m ° demS 3re he ^9eneo US in nature, from a spec- 
large and comp^x Tstel lT -P'^^tat.on pom, of view. When specifying, simulating and/or implementing 
is *™ aT^^ — ,ng difficult. A su^ 

be.w?e n n 6 2^^^^ * T COmP ' eX e ' eCtr ° niC SyStems is t0 9™*> communications 
•P^S^^^JSS ^ T S ' " 9enefiC C ° mmUnlca,ion P»«oco. removes the need for a unifying 
ification oaTp^mc 9 ,T ° 3 Un " y ' n9 3 " TUJ,at0f and compiler ,or implementation. Instead, existing spec 

K^^C.Sr? 81, S ' mUlat0fS and C ° mpilefS Can bS US6d '° SDeci,y simulate and -P'— Pa's o a 
" 3^rne^^,SrT" ,IOn meChaniSm " Se "" timin9 ' C ° mple,e SyStem is Se,, - !i - ed - "- no global 
of the pan does not In ecuS^T " ^ in ,he ******* or implementation I one 

protocora so atvv SSa^?^ " S ' mU ' ati ° n " ' mp ' ementa,ion °' the P**- The generic communication 
parts s oo °b 9 S,m9 COmmuniCa,! ° n simulato -' so - global system simulation o, all the system 
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ogeneous toe and f f ' * ^ ' mWh0d SP6Ci ' yin9 ' Simu,a,in 9 and ^P'emen.ing a hete, 

un'y no sp tXaS.tS^T State - oMhe " art s ^ e " de -9" -«PPort methods and tools propose a 

mixed 3 aVi ° ral specification of a ^ and complex, heterogeneous digital or 

svs.emTpTJ n,i ° n inV °' VeS 3 nCVel SimUlat ° r C ° nCept '° C ° pe With a " aspec,s of ,he ™>™ oarts of the specified 
lv he orll P , ,nVen "° n 3 Si " 9le architecture for heterogeneous systems Con equen, 

ea h momen ' nV , e ° n , Pr0VideS 3 Path t0 30 implementet ™ which has a global system con.ro er vv^ich dSes at 

brte^dlSTp^ ' mplementa,IOn that 13 desi 9 ned from sc ^ h «m. some changes are made to the system 

Accordingly, a first aspect of the present invention involves a Domain-Specific Intearated Circuit /rv?ir\ 
Programmable Mobile Communications Modem (PMCM). These DSICs allow ia«SS2S 

SS^a r S'r a aPP J iCa,i0n8 - 1"' PMCM ° S,C ChlP ,S 30 inte9faled ' di9 " al p ^™ b ,e commu^S L modem 
wnich operates in a wide range of modulator and demodulator schemes. The PMCM DSIC has so^rt^ T' 

^ePMctcS 1 '" 9 fHlerS ' and — d ' ate " p — ters and intermed^eTe ue^ ^cSeX 

Lnii^ w P Pr ° CeSS 10 Mega PN COde bits per second and has an interface to an external processor for the 

chron^s P CD C rl C l P °p erateS ° DMA ^ DiViS '° n Mu " iple ACC6SS) and non "CDMA mode. In the case of Syn- 
Sn^^«Sl2r !e,V ' M° Para,M Wi ' h 3 dU8WyPe demodU,ator - ^modulation of the P.lot. wh.ch contaL 
the ac ^hfi n,0rmatlon and netW0fk management data, and demodulation ot the Traffic channel wh,ch carries 
sdiSlrr h at ' 0a ^ °' CDMA ope ^on and non-CDMA operation, the P„o, c anS 

DSpXTalemlTevlVr,? '° 9e,her ^ ' ° i9ita ' SiQnal Pr ° CeSS °' ( ° SP) Chip The PMCM lnler,ac ^ to 
writing to the PMCM rh • f " mem ° ry mapped) ' A "°^ingly. the methods and the timing for reading from and 

b« S > ° , M Ch ' P arS S,m " ar t0 ,he protocois for a mern0f V devi «. The idea of choosing a chip set is induced 

un i 0 ^ s "2 « h desired flexibiiity of the overan mcdem The pmcm ° s,c ms ^ 'i*^' P s u :3s 

an e et'^^^ bC - ed ln a b - d class of «««'«o or WLAN (Wireless La, ArlaNetwor ) 

processZ Lction! demodulate steps and deformattmg, error correction functionality and voice 

SXeCU,ed: ,h6Se di9ita ' fUnCti ° nS arS app,iCati0n Speciflc h ^ Ce full prcgrammability is pr=- 

in- 0 o M =T!, SpeCifiCally ' hiS fifS! 3Spect involves a 3 y sterl for 'ransmitting and receiving signals The system has a dioitai 
in.egra.ed circu-t having a transmitter which generates firs, baseband signals TheVnsmitter nT^T P "Z 1! 
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circuits comprising a converter coupled to receive parallel input data signals and which converts the parallel input data 
to serial data, a spreader, an over-sampling filter, a gam control and an up-converter which converts the first baseband 
signals to first intermediate frequency signals. The system has a receiver a receiver having a plurality or circuits to 
generate a second plurality of output data signals, the plurality of circuits comprising a down -converter to convert 

5 second signals at an intermediate frequency tc second baseband signals, a decimating filter, a gain control, and a 
correlator which generate the plurality of output data signals. A clock generator is coupled to the transmitter and the 
receiver The clock generator has at least one numerically controlled oscillator. At least one memory mapped memory 
provides storage locations for programming of the digital integrated circuit. A phase error measuring module measures 
a phase error oetween an external signal and one of the plurality of output data signals. A processor is coupled to the 

to digital integrated circuit. The processor writes parameters to the plurality of memory elements and reading the plurality 
of output data signals and the phase error. Finally, a memory mapped interface is coupled between the processor and 
the digital integrated circuit. 

In one embodiment, at least one memory has a code phase storage memory, a spreading code storage memory, 
and a spreading code length storage memory for the transmitter. Advantageously, the granularity is half a code bit 
^ period. The at least one memory also has a transmitter gain control programming memory, an up-converter frequency 
memory, a transmitter modulation procedure selection memory, and an over-sampling filter interpolation factor memory 
tor the transmitter. 

In one embodiment, the spreading codes and the spreading code lengths are PN codes and PN code lengths. In 
a further embodiment, data and address busses connect the memory mapped interface with the at least one memory 
?o Address decoders respond to the address of the al least one memory via the memory mapped interface. 

In yet another embodiment, a gain control memory stores the gain control factor for the receiver and down-converter 
frequency storage memory maintains the downconverter frequency. A demodulation procedure selection memory for 
the receiver controls the receiver demodulation protocol. A decimation factor storage memory is provided tor the dec- 
imating filter, and a clock frequency memory is provided for the clock generators. 

In one embodiment, a means is provided to program the codes of the correlators and of the spreader with a maximal 
code length of 1C24. 

In another advantageous embodiment, the system further has a filter in the first plurality of circuits which shapes 
the spreaded first baseband signals for bandwidth reduction and a filter in the second plurality of circuits which perform 
out-of-band noise filtering on the down-converted second baseband signals. 
30 Advantageously, the system has an externa! pilot demodulator, an external traffic demodulator, and an external 

noise estimator. 

In one embodiment, correlators generate a plurality of output data signals for the external pilot demodulator, the 
external traffic demodulator and the external noise estimator. The correlators have a random access memory for storage 
of a plurality of PN codes comprising a plurality of pilot codes and a plurality of traffic codes. A pilot correlator coupled 

3$ to receive an output signal of the decimating filter correlates the decimating filter output signal with the pilot codes to 
generate the first output data signals. A traffic correlator coupled to receive the output signal of the decimating filter 
correlates the decimating filter output signal with the traffic codes to generate second output data signals. A code phase 
control circuit nas an address generation circuit for the random access memory and a clock inhibit circuit with a cycle 
of hall a code bit period. A symbol timing circuit has an interrupt signal generator which generates an interrupt signal 

-tf for the external processor when data is ready. 

Advantageously the communication system can be realized in whole or in part as an application specific integrated 
circuit, a domain specific integrated circuit or as a multi-chip module package. 

I: ts an aspect of the present invention the communication system can further comprise a symbol timing generator, 
configured as to bypass the symbol timing circuit of said correlator. Said symbol timing generator can be external to 
the chips of the present invention. The symbol timing generator can also be integrated in one integrated circuit with 
the chips of the present invention. This is maae possible with the flexibility of the chips of the present invention. Using 
this symbol timing generator, a faster phase acquisition with low power consumption can be achieved. The method for 
obtaining spreading code phase acquisition within 1 symbol period with low power consumption is as follows. The 
method comprises the steps of: 

so 

loading said spreading codes in said spreading code storage memory: 

• setting said code length equal to 1 : 

reading said plurality of output data signals by said symbol timing generators: 

performing a spreading code phase acquisition within 1 symbol period, whereby deriving the output of said symbol 
« timing generator: 

applying said output to said receiver: 

switching the output to said symbol timing circuit: 

• setting said code length equal to the length of said spreading codes, and disabling said symbol timing generator. 
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Furthermore, a method is disclosed tor concatenating short spreading codes into snrppHinn rn* ac 
-engtn , hat is higher than the leng(h Qf ^ c J ^^^J^TS^ 3 ^ 

infrS ,heshon fading codes subsequently in said spreadingcode storage memory, each of the short spread 
mg codes being determined by the offset address in said spreading code storage memory- 

' SauencTo^ff T CC *" * V COde ™^ « a Predefined 

sequence of offset addresses via said code phase storage memory. «wrmea 

sianalfwS 0 fr^!? °' inVen,i ° n - 3 m8th ° d iS 3 ' S ° diSC,0Sed <* combining low rate input data 

q ammaN cZT " T "P^*^ and down-converter intermediate frequencies by programming me pro 
a cS d2n.H ° n ^ 3 P r °9 rammable interpolation factor having a value high enough* obEn 

accurately defined up-converter and down-converter frequencies. 

A second aspect of the present invention involves a digital COMA receiver chip This chip is called DIRAC in th* 

in me D.RAC : Th ' nt h ermed ^ ,e fre ^ Uenc y down converte ^ a chi P etched filter, and parallel correlators are a£ 
non and user in,^ , J? ^ ^ ' UnC,ionaht y of down conversion. demodulation, despreading. frame extrac- 
tion, and user interface tasks to convert a sampled intermediate frequency signal to data on a screen 

chai TwThTn Vi ' hiS S8C0nd 9SPeCt °' " he preSem inV6nti0n inVOlves a s, 9 nal reiving system have a receiver 
TJZTcZ 3 r6CeiVer fH,er ' and 3 S3in COn,r0 ' A rSCeiVer chain ctock generator is coup.ed to the 

receiver cha>n. A means to program the receiver chain and the clock generator is provided and a processor is oro 

S^Z^™^"™- demOdU,a, ' 0n 00156 6Stimati0n AdvantageousTthe " ; a : 

2rS2 7 r S ^ ' nte9rated drCUit Si9na ' reCelVin9 SyStem ^ in one ^odiment, foL the 
receiver for a position oeterm.nation device, such as a Global Position Determination terminal 

has TrnZlT^ 0 , he T 33 ASTRA ChiP ' 15 3 '° WCOSt - '° W ' P0Wer VerSIOn 0f the PMCM ch 'P- Th * ^TRA chip 
™M,tcZ^?*7 '? CrSaSe da ' a thf0U9hPUt Wi,h ° Ut inCrSaSin9 * he ,ransmi " ed si 9 nal ba ^w,dth The 
2 a c S re Zu7 T 0P ! imi2ed di9ital ' 0rm °' 3 mu,,i ^ hannel - synchronous CDMA network. The mod- 
thl T P ara,lelcorre,atofs in the receiv ^ ™« Pa^l'el spreaders in the transmitters, to imolement 

"^^^t;^;<t compris8s a transmit Nyquist fi,ter with binary ,or 1 — 

and ^^l^^r ^"'^ inW ' VeS ' me ' h ° d ^ ^ f ° f inCrSaSin9 3i9nal da,a rate of a 'emission 
anc i reception system without increasing the transmission bandwidth. The method entails dividing the input data s.anal 

para Z Z^X °'i ^ 'T^ °' ,ranSmiSSi ° n ™* Spreadin9 S3Ch plurali * of ^ s 9 m 1^ 9 m 
TZ St ZlT 9 ° r semi -° rth °9°nal PN codes, summing the parallel spread signals to generate 

TasZt Tn J S ' 9na '° 9enerSte 3 " rSt baSaband Si9nal ' transmi »'"9 'he baseband signal, and deceiving 

he sTsi^Z S h 3 reCe,Ver W ' th Para " el C ° rrelaf0rS s y nchronlzec '°c!e S preac the sum signal. In one embodiment 
me system is realised as an integrated circuit. 

SS | P r A Z th nT 3SpeCt ° ( Pr3S6nt ' nVenti0n ' nVOlVeS 3 m0dem devel °Pment kit built around the PMCM DSICs for 
mab« v^hT a, °K? S l em Paranle,erS in order t0 c^tomize a modem to specific needs. The flexibility and proaram- 
Slil a f' teC,ure of the PMCM DSICs is exploited by proving a test configurate whereby programmable 
oadi: Q e, 0 In 03 " ^ ' U T d 10 T 6 ' reC ' uir9ments ** a P articular a PP'-..on The test configuradifa^ Tdovvn 
tine m Jp^I k = ° mb,nat,0n wi,hin the a,lowed ran 9es of the PMCM CS.Cs. This procedure oermits real- 

IZ^T y 3 nUmb6f °' parameter settir, 9S can be evaluated. The parameter set required for a particular 

application provides the detailed specification of a new modem chip 

kit also e a ilow!',°L ment ' S b f Ullt ar ° Und PMCM ° S,C - aP FPGA and 3 DSR Bscause " 15 30rtable th ^ development 
a ids hafnl, ^ reaH,me f ' eld ,eS,S ' TnS SUpPOf " n9 devel °P m ^' ^»ware also includes many evaluation 
l£^^ZT?»l^?* U * r COnfi9urati0n ' ° nce the desi 9 n is fina '*ed. ail settings can be stored in a memory 

of a cus li^ f T?^ 10 Pf ° dUCe Pr ° t0,yPSS ° f fifSt Pr0dUCtS ' Th6 Se,,in9s can als ° be used as a soec.fica.ion 
oi d cus.omized. lowcost AalC (Application Specific Integrated Circuit) version of the DSIC 

inven\l7 a 7,°lu• !h ^T de !^ ( d T l0Pment * 3 me ' h ° d ! ° USe ' he ° SICs to develo P n8w mocie ™ ^ing the 
invention as a real-time lab and field breadboard. Thus, the modem development kit can be used by: 

telecom students who want to experiment with PSK modulation and spread spectrum techniques- 
application ongmecrs who want to determine the optimal set of parameter values for a particular wireless or wireline 

potential modem customers who want to gain confidence in the robustness of wireless or wireline links' 
ObM mocem builders that want to evaluate the PMCM ASiC. by doing reference measurements 
system engineers who want to test new synchronization strategies in real time and 
• field engineers who want to perform field measurements. 
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The Development Kit aims at two goals: 
l! is an experimental platform to design demodulation algorithms. 

A rigorous way to specify new. customized ASICs, by passing a selected parameter set to the ASIC designer. 
The modem development kit has: 

one or a number of identical Evaluation Boards, each comprising of a fulWuplex programmable spread spectrum 
baseband-and-lf- modem, including a PMCM chip, and including a programmable DSP an FPGA an ADC and a 
DAC, a parallel interface and a serial (RS232) interface. The DSIC chips have an imolementation loss of less than 
0.1 dB. .ach of the evaluation boards modulates and up-converts a bit stream into a modulated IF carrier and 
down-converts and demodulates such a modulated IF carrier back into the original bit stream 
one or a number of identical analog radios that can be connected to the fulWuplex programmable evaluation 
boards to up-convert the modulated IF carrier output of the lull-duplex programmable spread spectrum baseband- 
and-IF modems to an RF signal, and to down-convert such an RF signal to a modulated IF carrier that forms the 
input of the full-duplex programmable spread spectrum baseband-and-IF modems. The parallel interlace can be 
configured as input or output, or any mixture of both. This allows feeding of real-time data and measurement values 
in and out of the modems. 

a set of antennas to be directly connected to the radios. 

a PC with parallel and serial (RS232) interfaces, thai are connected by parallel and serial communication channels 
to each of the full-duplex programmable spread spectrum baseband-and-IF modems. The parallel interface can 
be configured for input or output, or any mixture of both. This allows for feeding of real-time data and measurement 
values in and out of the modems. 

• a software program to run on the programmable DSP inside the full-duplex programmable spread spectrum base- 

band-and-IF modems 

• a hardware configuration file to configure the FPGAs inside the full-duplex programmable spread spectrum base- 
band-and-IF modems 

• a software program to run on the PC to initialize, control and monitor the full-duplex programmable spread spectrum 
baseband-and-IF modems in real-time and with a graphical user interface 

• a default configuration file to initialize, configure and program the DSIC chip inside full-duplex programmable 
spread spectrum baseband-and-IF modems 

Furthermore, the development kit has several advantages: 

• exploring a set of programmable modem parameters, including requirements on SNR. modulation and demodu- 
lation schemes, signal bandwidth, symbol rate, symbol clarity, tracking loop algorithms, synchronization algorithms 
chip phase acquisition strategy, carrier frequency acquisition strategy, carrier phase acquisition strategy spreading 
technique, maximal Doppler shifts, maximal Doppler rates, bit error rate and clock jitter, which differ from one 
modem application to another; 

• determining the parameter set tuned towards a particular modem application: 

• using the flexibility and programmability which has been provided in the architecture of the DSIC chips to configure 
the devices to prototype less stringent modem applications that the maximally stringent apolications they have 
been designed for, i.e.. satellite links: 

• performing real-time modem field tests, reference measurements, CDMA and PSK evaluation tests performance 
ests, real-time development of customized demodulation algorithms, and for educational or didactical purposes- 

• finding optimal of such settings for a particular set of modem requirements: 

• using these settings as unambiguous and detailed specifications which are necessary and sufficient of a new 

modem chip. 

More specifically, the modem development kit has a programmable modem which receives input data signals and 
modulates and up-converts the input data signals into first intermediate frequency signals and which demodulates and 
^own-converts second intermediate frequency s.gnals into output data signals. The modem has a first transmitter chain 
which generates baseband signals. The transmitter chain has a convenor coupled to receive input data and convert 
the input data into first serial baseband signals. The transmitter chain also has a spreader, an over-sampling filter a 
gain control, and an up-converter with a programmable frequency which converts the baseband signals to the first 
intermed,ate frequency signals. The modem also has a receiver chain which generates a plurality of output data signals 
. Pn„TnT er f " 3 down<onverter Wlth a Programmable frequency which converts the second intermediate 
frequency signals to second baseband signals The receiver chain also has a decimating filter, a gain control and a 
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correlator to convert the second baseband signals into the plurality of output data sianals A rlnrk npnon^ ■ 

l :z *r rrr ain r ,o ,he receivercha,n rhe ciock * :s: 

and in one embod.ment has an NCO for the receiver and the transmitter oscillator. 

s an ala^r^T' '"^ ^ 3 pro 9 rammable di 9 i,al Processor, a field programmable gate array chio 
sionals ? Q * d * W Jf™*'- a <° analog converter, and a radio to up-convert the L intermediate f qufn y 

eoutcv sic a A fT* Sl9na '' ^ '° C ° nVWI ' MC ° nd ^ si 9 nal t0 the sec °" d * JESS 

!2SSlS!ri; P r °9"9 device is coupled to the programmable modem, to the digital signal pro 

sZ^lTZ ZTIH 93te T"- eX,emal prog ~9 ^vice prov,des programming fonhe £,£ 
o inSz^o^rtl ^ f P,09ra ?T e 93,6 afray ChiP - f ° r pro 9 ra mmable modem. The modem can be 
ween tS 1 i P - Advanta 9 eousl * «he is monitored by a user interface, and an interface is provided be 

tween the external programming device and the programmable modem 

one 'inteor^'i °' f d6V f pment kit ' said di 9' tal signal Pressor is integrated with said programmable modem on 
one integrated circuit, thus forming a single chip. 

- lerna? oTol^'T' interfaCe C ° mprises 3 serial inter,ace ' A parallel interfa <* is also advantageous. The ex- 
lerna, programming device ,s a personal computer in the present embodiment. The personal computer maintains a 
hardware con,igura„on file for the field programmable array and a hardware configuration fife for th'e pro^ammable 

.he J^ o d r,? l0 T em k " deNneS 3 mem ° d '° r cu8Wmi2ln 9 a domain specific integrated circuit for an application using 
prooT^m h ? V ° Pmem me * h0d enIaHS C0 " eCtin9 ,hS specificati °"s °< the application, choosing a firs s Tot 

D oa amlt ■ ^T^' ' nitialiZln9 ^ ^ P^ammable gate array, and the digital signal processor, and the 
Idtm The ITh^Th n f 'T °' P '°* aMe par ™ monto -9 «he behavior ofthe programmable 
^ and LT V n 6 , ' V,n9 3 SeC ° nd 561 °' P r °9 rammab,e Parameters, repeating the initialization, mon- 

spScanlr^ T, T 3 °' P**™^ 5 is derived which resu » i" 'actions complying with the desired 
specifications. The final parameters can be used to define an application specfic integrated circuit 

b ei na U ,Tl m0re : m S development kit can be interfaced to commercially available emulating and debugging programs 
by saiZ a7eTn C ? ea e s 0 ed Sa di9i,a ' Si9n3 ' Pr ° CeSS ° r ThUS ' *' pr ° 9rammation and configuration possibilities oL 

term^nn Z?™ circu '\ Xhe ™ tho6 involves . selecting a modulation scheme, selecting or switching the filters, da- 
ouencv dJ . ° Ver - Samp,ln 9 factor ' determining the decimation factor, determining the transmitter intermediate fre- 
quency de.ermin.ng the bandwidth of the PN code bit frequency PLL, determining the bandwidth of the carrier frequency 
minino hTpT 9 1 ^ ^ PN ^ Wt heqUenCV PLL de,erminin 9 th * gain of the carrier frequency PLL deter- 
cc^e se? Th, ™ , 9 detefmining the trackin 9 ' Jpdate ^ ^^ining »» symbol rate, and determining the 
ll T." 9 3 COntr °" in9 St6PS inV0 ' Ve (f ° r 3 m ° dem) ' moni,orin 9 the automatic gain control value, 
I'™ ratS: monitorin 9 <he demodulator status, monitoring the interface status, monitoring the FN 

mon?o ™" t I 0 ™ 9 ! r Ste " a " 0n di39ram <SCatt9r Pl °°' m ° nit0ring the c °"^tion, monitoring the interrupt rates 
ce°v 'r 1 Uan ^ et dat3 ' m ° nitorin 9 ' ece ^r data rate, monitoring transmitter interrupt duty cycle, monitoring re- 
sign- m '^ pldut y c y cle monitoring downloaded transmitter codes, monitoring transmitter intermediate frequency 
signer monitoring transmitter over-sampling factor, monitoring transmitter filter loss, monitoring receiver filler loss 

nTc^.nliTT' l,<le [ S ' eP reSP ° nSe ' m0ni, ° rin9 modem Stalus ' monito,in 9 d,a 9^ms on an oscilloscope con- 
oTc nTr* I ! V Pm , en ' ' 3nd reStarting - reinilializin 9 and resetting the modem, resetting the numerically controlled 
oscillators, starting and stopping the modem and turning the transmitter on or off 

s .rhVc!^ a p P ^L 0 nL h , e . PreSent inVemi0n inV0 ' VeS a meth0d '° specify ' simula,e and implement a complex system, 
owr i -nJo.f ^ , 33 3 S8t °' ccncurrent - communicating processes, where the processes are specified in their 
12 1 ^ , n langua 9 e ' s-mulated with their own simulator and implemen.ed with their own compiler, separately 
wL n ? ° CalCOnIrCl 0nly ' and ,n wh,ch tne communication ,s generic yet efficient, low-power, robust, and clock skew 
mnnf n , Wh ' Ch ^ COmpletB SVSlem * ssl, " iimed This specification method ,s called IPC (interprocess com- 

munication, , n this application. When specifying, simulating, and/or implementing large and complex systems many 

able pa'rts COnneClSd l ° manV PaflS " prSSem SpeCiMcalicn method breaks U P a complex syslem in.o manage- 

vi P w L ! f9e T COmP ' eX SyStemS SUCh 35 ' he PMCM DSICs are h e le rogeneous in nature, from specification point of 
view as well as from implementation point of view. The IPC method offers a generic way to connect existing different 
„ 7 * „ s P ec,fied usin 9 "s own specification paradigm rather than a general unified specification paradigm This 
method offers a generic connection of the various mplemcntations (hardware processors, embedded software or) 
using an efficient, low-power and robust communication scheme and a suited interface implementation in hardware 
or in software or in a mixture of both. 

The IPC can be automatically optimized if particular border conditions for the interface hold In this way. a new 
language, a new paradigm, a new simulator and a new compiler are unnecessary. The IPC method allows use of the 
existing languages, paradigms, simulators and compters, but offers a way to connect all these existing languages 
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paradigms, simulators, and compilers in a generic way. 

IPC is a modular specification method lor power-efficient, high-throughput and area-efficient implementations 
efficient haroware/software implementations of the IPC procedures are described which allow for an overall system 
performance as good as other, less modular, implementation methods. The specification method can be implemented 
for simulation. K 

Some goals of the IPC protocol are as follows: 

• to describe all coarse-grain subsystems of a complex system at the most appropriate abstraction level and in the 
most appropriate host language, in order to make explicit internal control flow when needed or desired in other 
words, describing control-oriented subsystems as well as data flow oriented subsystems, preemptive subsystems 
and reactive subsystems: ■ y ! 

to have the freedom to clock each subsystem at its most appropriate clock rate : including non-periodic clocks' 
to describe the subsystems independently with respect to their control flow: 
to define all data communications between processes: 
to model all relevant system behavior aspects: 

to have this specification behaviorally simulatable. such that an early system test plan can be executed on a 
computer, with user control panels and user interlaces included: 

to use the specification as the unambiguous input for implementation, steered by either automatic or manual al- 
location of implementation target processors and assignment of processes onto the allocated processors' 
to implement and reuse the subsystems independently from each other: 
to guarantee data integrity for all communications: 

to provide a method that has constraints whatsoever on the kinds of systems that can be described and imcl- 
mented: w 

to have a bit-accurate implementation compared to the test plan simulations: 
to allow as much non-dctcrminism in the system as the designer wants: and 

to have an efficient, safe and modular implementation, with low area/timing overhead caused by process modu- 
larity, and low power consumption, and an overall system performance at least as good as other less modular 
approaches. 

The test-plan simulation uses an executable implementation of each process, that can be executed on any com- 
puter or computer network, that supports a multi-process operating system or multitasking simulator such as a C-UNIX 
implementation, i.e.. an implementation where all processes are converted intoa separate C-program and all processes 
and their communication are assigned to one or more UNIX work stations as implementation targets. 

^ The output of any implementation step for any of the subsystems {towards a UNIX computer an ARM processor 
a oathedral-lll processor or any other processor or dedicated piece of logic) is delivered in an executable form (such 
as compiled C, assembled microcode or executable VHDL) such that it can be simulated or executed as a t-st plan 
verification. H 

These goals are reached by implementing the behavior of a subsystem separate from the communication protocol 
and separate from the other subsystems. This partitioning is possible due to the use of the generic IPC communication 
protocol. 



Brief Description of the Drawings 



Figure 1 illustrates a block diagram of a programmable mobile communications modem system havmq a DSP 
45 processor and supporting resources. 

Figure 2 illustrates a block diagram of the programmable mobile communications modem chip of Figure 1 
Figure 3 illustrates an overview of the architecture of the DIRAC integrated circuit in accordance with the present 
invention. K «ocui 



Figure 4 illustrates a simplified block diagram of a communication buffer protocol in accoidance with 
*° invention. 



the present 



Figure 5 illustrates the general architecture for a parallel CDMA system. 

Figure 6 illustrates a modular architecture for synchronous CDMA in accordance with one aspect of the present 



invention. 



Figure 7 depicts an overall diagram of the modem development kit in accordance with 
55 invention. 



one aspect of the present 



Figure 3 depicts a diagram of the architecture of the evaluation board of the development kit of the present invention 
Figure 9 depicts an alternative setup configuration of the development kit in accordance with the invention for a 
full duplex link using a single evaluation board. 
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Figure 10 depicts a complete QPSK demodulator which can be provided usinn amqi ~ 
the connection to the PMCM chip. P'ovioed using ANSI-l, computer language and 

preseSrventio e n PiC,S ' ^ ^ int -P— communication protocol in accordance with the 

Figure 13 depicts a timing diagram for input/output operation which illM^rratoc.h^, ■ 
are dual function signals. operation wnicn illustrates the acknowledge and request signals 

w i - F ' 9l ! re 1 4 depicts a timin 9 dia g r am with a slow writing device clock and a faster r«Hi™ rf , 

'0 IPC implementatbn in accordance with the present invention e3d ' n9 d6V,Ce C,OCl( usin 9 the 

cord^^^^ ^ implementation o, a memoryless connection o, the IPC protoco. in ac- 

processor " " ,UStra,eS *° ' eve ' S code lamentation of the IPC protoco, on the ARM 

» Simula 1 9 il,UStra ' eS im P' emenIati - <" a '-Clonal Cock using analog-to-digita, simulation and digital-to-analog 

an r 1 — to 

cA^ s ;:m- i,,,ustrat ^ • 

Figure 24 depicts an unblockedwr^ 

5 gsaiigdDgscrlption of the Pr^r r e d Embodiment* 

The PMCM DSir 



40 



General Overview 



100. Ins PMCM " • en Too 2a T P ^ M * ™ bile communications modem (PMCM) system 

integrated Circuit DsZ 202 ccllZ^ "T SPeC ' f ' C ' me9rated C ' rCUit 0r 3 Domain-Specie 

«o resources such as R AM ? 06 bZ rSm^b TJ ^^Z^ ^ Advanta 9eously. the DSP 204 couo.es 
to the DSP 204 a I , he pmcm pn^wl 2 °° Th8 PMCM 202 is memo <V " " ™erfaces 

package. ™ CM 202 W3S 3 memo ^ dev,ce ' The PMCM can also be realized as a mult-chtp module 

In the present embodiment, the PMCM 202 interfaces with a modular™ =,„h * 
to-analog converter 209 and an analoa m nfl ™, m0dUlator 203 and a democulator 205 via a digital- 

vided. The ,n P u,s a^^s JZ^^ T Low ^ 201 . 21 1 are also pro- 

are a, an intermedia fr c^encv ,R rtl f? "onT 8 ' ^ ^^'a' converter, rrom the PMCM 202 

203 provides a rad^freZn^ ei»ai^ r •t^"" 0 ' t """^ ' ^ Signal Similarl * the ™*"aior 

ff „ . ° frequency signal for transmission. The modulator 203 and demodulator on* r ^l\ . . 

'": -*» 2 ' 3 - "» *•»"•• <**< 2.3 also p,o«,e s . M .^^TpmST ** mP "' S 

,nd *r d r ib " i,y 01 - "» ««« » 

^04. and the final trarf.c demodula.,on is performed by the DSP 204 External noise animation can 7so 
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be performed by the DSP 204. 

A more detailed PMCM 202 diagram is shown in Figure 2. As depicted in Figure 2. the PMCM 202 has a transmits 
subsystem 207 and a receiver subsystem 211. The transmitter subsystem 207 has an up-convener 210 which has a 
numerically controlled oscillator (NCO) 230 which operates in accordance with the CORDIC algorithm, and a multiplier 

5 234 to create real data 23S from complex data which is on the input of the up-convener 21 0. The outout of the transmitter 
subsystem 207 provides the intermediate frequency (IF) signal, which is output from the PMCM 202 and provided to 
the digital-to-anaiog converter 209 (Figure 1). The transmitter subsystem 207 further has a gain control 227 which 
receives input data from a chip matched filter 220. The input to the chip matched filter 220 results from complex mul- 
tiplications of input data from an input data converter 221 and the pseudo noise (PN) I and Q codes stored in the l&Q 

io codes register 222. 

As further depicted in Figure 2, the receiver subsystem receives an intermediate frequency signal at its input, which 
is a signal generated by the analog-to-digital converter 207 (Figure 1). The input IF signal is received by a down 
converter 21 2. The down converter 2 1 2 has a numerically controlled oscillator 232 ; which also ooerates by the CORDIC 
algorithm. The down converter 212 provides a complex multiplication of the input IF signal in a multiplier block 235 
The output of the down-converter 2 1 2 is provided to a gain control 21 3, which provides its output to a decimation filter 
240. The output of the decimation filter is provided to a chip matched filter 241. The output of the chip matched filter 
241 is provided to a noise estimator 242 and to complex correlators 244. The comolex correlators 244 also receive an 
input from pilot and traffic PN codes stored in a PN code register 224. The output of the complex correlators 244 and 
the noise estimator 242 is provided to a correlation buffer 234. 

As seen in Figure 2, the PMCM 202 also has a phase error measurement module 232. a clock generation system 
214, and a processor interface 230. The phase error measurement module 232 receives input from an external symbol 
clock and an internal symbol clock, and from the reference clock 213 and from the processor interface. The clock 
generation system 214 has a transmitter clock sawtooth NCO 21 4a and a receiver clock sawtooth NCO 2 14b. These 
oscillators 21 4a, 21 4b provide timing for the receiver subsystem 211 and the transmitter subsystem 207. The processor 
25 mterface 230 provides an interface to the DSP 204 (Figure 1 ). The Chip Matched Filters (CMF) 220. 220a in Transm.tter 
207 and Receiver 211 are the over-sampling lowpass filters 201, 211 (Figure 1) : implemented as Finite Impulse Re- 
sponse (FIR) filters. The roll-off factor is chosen for all envisaged applications. 

The Spreading and Correlating PN code sequence registers 222 : 224 are fully programmable. The maximum code 
length is 1 024, hence supporting the GPS (Global Positioning System)code length. In the Transmitter 207. synchronous 
30 switching between 2 alternative PN-codes is possible. Hence there are 4 codes stored in the Transmitter 207- two I- 
branch codes and two Q-branch codes. In the Receiver 211, four codes are also stored durina setup: an I and a Q 
code for the Pilot Channel, and an I and a Q code for the Traffic Channel. The Pilot Channel is" mainly used for syn- 
chronization purposes; in the Traffic Channel, the actual data are demodulated. In the Receiver 211, a total of 14 
correlation values are calculated (raw correlation data) by the correlators 244 to be processed further by the functions 
3* on the DSP Processor 204 : to derive estimations for the tracking values of carrier and clock frequency. 

Communication with the DSP Processor 209 is performed by the double-buffered, on-chip processor interface 230 
which has address and date lines coupled to the DSP processor 204. 

The PMCM 202 operates in a wide range of modulator and demodulator schemes. It operates in CDMA (Code 
Division Multiple Access) and non-CDMA mode. In the case of synchronous CDMA, the Receiver 211 ooerates with a 
-to dual-type demodulator 244. The first demodulator demodulates the Pilot channel, which contains synchronization in- 
formation and network management data. The second demodulator demodulates the Traffic channel, which carries 
the actual user data In the cases of a synchronous CDMA operation and non-CDMA operation, the Pilot channel is 
discarded. 

The data signals are complex-valued, and the two signal components are denoted further as In-Phase (I) and 
Quadrature (Q) components: The PN code bits of the spreading sequence can be modulated in OPSK (Quadnphase 
Shift Keying). OQPSK (Offset QPSK), QPN (Quadriphase Pseudo Noise) and OQPN (Offset QPN). The amplitude 
levels of the I- and the Q-branch can be separately adjusted. BPSK (Binary Phase shift Keying) systems can also be 
implemented by disabling the Q-branch. The Receiver can be configured QPSK/CDMA. OQPSK/CDMA QPN/CDMA 
OGPN/CDMA. and non-CDMA OQPSK or BPSK. 
50 In typical system implementations, the synthesizers consume most area and power. Full flexibility is provided by 

four synthesizers: sampling and carrier frequency synthesizers, both for the Transmitter and the Receiver. The sampling 
synthesizers 214a, 2l4b generate the adjustable Over-sampling clocks, while the carrier frequency synthesizers gen- 
erate carrier waveforms at an Intermediate Frequency (IF). 

55 DSP Interface . 

The PMCM DSIC 202 is divided into three subsystems: the Transmitter subsystem 207. the Receiver subsystem 
211, and the Reference subsystem 214 (i e., the clock generators). For each of these subsystems there is a write 
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Parallel to Dibit rnnwrtar 

da,a is „,o,id« » «,. ,„p„, da ,a ™, HTp Site »,*,','TS'r 9 * ^ ""** 71,6 "*»» 

Transmitter PN^nn e Spreaders 

o^S^^ P b N - C ° de ^ ^3, 225 for the , and 0 branches 

«he PN codes are s a 'SSgZ^^^™™ h " ™* < RAM > <*^222. Snarly, 

for an application together Z^ZZ recerver subsystem 211. The code length number 

a«er sprTad^is 1 2?! cod b^ A pTc^T Z T ' nitialiZati ° n aCti0n ^ Set ^ The *• obtain^ 

In the present ^m^rT. " . 9 eqUal '° 1 prWides lhe ^ * P^om non-CDMA schemes 

Coarse tuning c, the hSeT TS^^^^ t ^\T°T^^^^ M ^ 
specific control register (not shown, in the PMCM . a sm «e r sllZe^Z" , 7 ^ ^ " P ° SSib,e 3 
to the external DSP 204. iransminer subsystem 207. This control reg.ster is memory mapped 

Transmitter Chip Matched Filter 

^SJ'^'^^T,^'^ 3 ? r ,<amP "" 8 »""• ° Pe "»"3 <- »» one* „. O, inp„, ««,„„ 

^'~zt,~^:. xszsss?" "° m - —» 222 - - 

'o. a p„ „„ 9 ,h o, 255 ' " S " S e ™' 9y ' te Cm "» 01 "» ° a " d '""<" °' »ana . IPN,Z , 

Hold Function 

Level Control Function 

Transmitter and Receiver Cl ock Generation NP.nc 
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, ™° l e K ^ Cy ° f ,he sawIooth generators is controlled via programmable memory-mapped registers. TCLKNCO 
32 bits (n °' Sh ° Wn S?eCi,iCa " y) The accumula <° r dynamic range (word length) for the sawtooth oscillators is 

o^ Th lT U ,T ai °! 0t the SaWI °° th 9 enera,or is incremented once per incoming clock cycle ol the reference clock 
£\ J with me INC value. When the accumulator passes its max.mum value it wraps. The highest clock frequency that 
can be generated .s half the frequency of the Reference Clock 21 3. Hence, the desired increment reference INC is: 

32 

INC = 2 Over-sampling Clock / RefClock 

In other woros, in that the most significant bit is used as a control for the clock waveform INC is the value that is 
added to the accumulator in the sawtooth generator in order to obtain the desired step down of the reference clock 
i he Over-sampling Clock is the Transmitter or the Receiver sawtooth NCO 21 4a, 214b. The resolution or tuning sen- 



Resolution = RefClock . 2 s2 h'z 



The clock precision is thus: 



Precision = RefClock / (2 32 Over-sampling Clock) 
Transmitt er and Rocoiver Complex Multiplier NCOs 

The digital signal exiting the transmitter 207 or entenng the receiver 211 is at an Intermediate Frequency (IF) for 
the modulator 203 as well as for the demodulator 205. This reduces the number of NO and D/A Converters 207 209 
and simplifies the analog filtering. As explained in the previous subsection, the applied Reference Clock frequency 
determines the jitter of sampling, and thus also the maximum acceptable central (IF carrier) frequency On the other 
hand, the maximum frequency range over which the central frequency of the signal can be changed is determined by 
the over-sampling rate and the bandwidth of the spread signal which is fPN/2 or is equal to the symbol rate (baseband) 
in case of non-CDMA. Hence, the transmitted and the received signal central frequency can be moved in a ranoe 
depending on the over-sampling or decimation factor. 

Thecordic NCOs 230. 232 generate sine and cosine waveforms based on the Cordic algorithm, in order to perform 

Specific memory-mapped proorammabls racisms („ol shown) eonlrol lha phase fcewnant. An aecuracv ol 34 

diis is usea hence the resolution is 

Resolution = Over-sampling Clock / 2 34 Hz 
follow? relat ' 0n ' nCrement (INC) ' the SinUS ° ,dat ffeqUenCy (Ffeq) and the °^-sampl.ng Clock is as 

INC = 2 (Freq / Over-sampling Clock) 

,rnllZ h ^r tP , U,S ' Sine C ° Sine wave,orms > of ,he Transmitter NCO 230 are combined with the complex Gain Con- 
om he l/DCn 'T™ 6 rea ' Part " RE " 236 °' thS CCmp ' eX multi P' icatlon 234 A. the Receiver side, the IF s.gnal 
outputs ' S COmP ' e>< m ' Jltiplied thS mU " iply bl0Ck 236 With ,he Receiver Com P le x Multiplier NCO 

(Figu T re e i) CmPle>< mUltiP ' ierS in,erfa2e With thS modula,ors 203 and demodulators 205 via the ADC and DAC buses 

Decimation Function 

In the receiver subsystem 211. the receipt of the IF signal and the complex multiplication 236 provide complex 
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In the recent embodiment, the gam control 21 3 is a scalable multiplier with a multiple of 1 127 the multiot 

mS7ef^ h T°h U9h 3 T"* re9iSter ° UtPU ' °' the gai " COntrol Provides si nais S ?; 

m l lo^H S3mP If 6 fedUCti0n Wi,h the Dedmati ° n FunCti ° n 240 is P«Wammable from 1 ,o l02 4 Jia a 

aXed X ^T^T ^ ca8B °' n ° n " CDMA reception and in a ™ bile channel char 

actenzed by large Doppler shifts, the preceding NCO must be able to track large carrier frequency ranges. 

Receiver Chip Mairhori Fiimr 

Matched 0 Firp°ir e deCi r at !° h n fii,er 240 Pf ° VideS ^ inPUt [ ° thS reC9iVer Chip matched fil,er 241 The Re <*iver Chio 
steoe fs an a 241 , C ° h nS ' StS °J «"? sta 9 es - The first stage is a filter with programmable decimation factor: me second 
stage (S an accurate high^rder FIR lowpass decimating filter. The receiver chip matched filter 241 performs out-of 

oul SP I P t n rt eSS ' 0n rr e downconverted baseband signals from decimation filter 240. The ouN>f-band suooression 
puise distortion and phase are the same as in the transmitter chip matched filter 220. 

Correlators and N oise Estimator 

Nn J h c e ° Utput of the chip maIched filters Prides an input to the correlators 244 and the noise estimator 242 The 
NO.se Estimator 242 performs a sum of the absolute values of both the I and the Q branch output of the 2nd stage of 
the ch,p matched filter (CMF) 241 Final noise estimation is also emulated by the DSP 204. More specifically the DSP 

r.r,T T S ' 9nal ener9y l6Vel fr ° m ' he n ° iSe eS,imat0r 242 and uses lhis information to control the gain of the 
receiver in the gam control 213. This noise control closes the loop for the gain control 21 3 

r.rr2t Ca ' CU ' ate ^ b °' h ' ^ ° ° UtpUt °' lhe SlS 9 S ° f the CMF 241. 3 Middle 

pZ cl ? f ° T I" 0 ' 6 ' Pil °' Q - C ° d6 ' ' he TfaffiC '- C ° de ' ,he Traffic °- code an Earl V c °-'a«ion with the 
Th J c f ■? V 3 ccrrela,ion wi(h ^ Pi'ot l-«=°de. These correlations are provided in the correlators 244 

This is also known as the de-spreading operation. 

™ P T S , B °' COrrelat0rs 240 is alterable durin 9 the initial acquisition phase via a memory-mapped proqram- 
ClTmanon e9 ' Ster (n0t ShOWn) ' reSO,Uti ° n (9ranu,arJty) ° f phase < ur71 P s is half a ^de bit period in the present 
At the beginning of each data symbol, an internal symbol clock strobe 215 (active low) is generated as the corre- 
S p a ' U !f arS W /! ,ten into the correlation buffef 234. The symbol strobe 215 is used for two purposes. The first use 
Soi Th 7- Measurement be,ween demodulators. The second use is as an interrupt strobe for the DSP 

register "** ^ '* 1 ^ ^ COn,rolled via a memory-mapped. programmable control 

diffj a h ! damodulation IS Performed in the DSP 204, which performs 8PSK. QPSK cr OQPSK demodulation The 
tnlonl de " 1 ° dUlaI,0n Schemes are selectable. In other words, the final pilot demodulation is performed by the DSP 
^J4 ^U4 and the rmal traffic demodulation is performed by the DSP 204. 

Special S ynchronization Functions . 

A number of special functions are provided a wide range of applications 

ciocrpronht^cS i,s Sub,rame c,ock indicating the be9,nnina ° f a sub,rame via a Transmitter sub,rame 

The demodulator outputs a clock indicating the epoch at which it cetects the begmn.ng of a symbol via a Re-eiv=r 
Symbol Clock pin on the PMCM 20. 

A Phase Error Measurement function 232 is provided to measure the code bit phase difference between different 
demodulators. 

An instantaneous synchronization of the modulator Subframe Clock to the demodulator Symbol Clock This permits 
calculation of the round trip delay, a typical function in ranging applications. The modulator Subframe Clock can 
also be synchronized to the Subframe Clock of another external modulator. Selection of the synchronization mode 
is done via a memory-mapped, programmable specific control register. 

The demodulator can be synchronized to an external Symbol Clock 219. Procrammmg ,s done via a -nomorv 
control register. " y 

The Over-sampling Clock 214a of the Transmitter 207 can be generated locally at the Transmitter side or t=k°n 
rom the Receiver side, or from an external source The PMCM chip 202 has a Transmitter Over-ssmoling Clock pin 
to wnich an external clock can be connected as an input. Programming of the PMCM chip 202 to indicate whether the 
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over-sampling clock 21 4a of the transmitter 207 is generated internally or received from an external clock is provided 
via a memory -mapped, programmaole control register. 

The Over-sampling Clock of the Receiver 2n can be internally generated (at the Receiver side) or taken from an 
external source The PMCM chip 202 has a Receiver Over-sampling Clock pin to which an external clock can be 
connected as an input. Programming of the PMCM chip 202 to indicate whether the over-sampling clock of the receiver 
is internally generated or provided by an external source on the receiver over-sampling clock output pin is provided by 
a memory -mapped, programmable control register. 

Phase Error Measurement . 

Phase Error Measurement is implemented in order to realize synchronous CDMA. The phase error module 232 
has t.nc reference clock 21 3 of the demodulator 205 as one input. The phase error module 232 is a counter that is reset 
on each pulse of an external symbol clock 219 which provides another input to the phase error measurement module 
232 The phase error measurement module 232 dumps its accumulated count on the reception of the internal symbol 
clock suobe 21 5 The resolution of the measurement is (PN code bit rate/Reference clock) code bit period. 

The (Jif-Ai. USIC 
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Fiaurc 3 iiiusiMies a block diagram of a Digital Integrated Receiver with ARM Core (DIRAC) DSIC system 300. 
20 The DiRAC DStC 300 has a clock generator NCO 302 ; a down converter module 304. a decimation module 306. a 
chip ml-i;- v i,_x! m:cj 305 a correlation and noise estimation module 310. a memory (SRAM) 312 for the storage of FN 
codes r-.n ARM .niertrtce 31 4. an internal microprocessor (ARM) controller 316, and a universal asynchronous receiver/ 
transmute* <UAfUi module 31 8. The ARM core is an advanced use of microprocessor core licensed by ARM Ltd. 

The Di RAC C SiC 300 is a digital CDMA (Code Division Multiple Access) receiver chip with a digital spread spectrum 
receiver .rnd ..n nic^r.jtcd advanced micro controller 315. The DiRAC system 300 receives an 8-bit digital signal at 
an intormodMio toquoncy on an input 320. The input signal could be provided from a radio receiver or the like, such 
as provided loi mo PMCM DSIC 202 at its input. In other words, the radio transmission could be received, demodulated, 
filtered and digitized to provide a signal at the input 320. The input signal is down converted to baseband in the down 
convenor .VU uvng an I and Q local carrier, with a programmable frequency. The down convenor 304 uses an NCO 
305 to provide a programmable frequency. The down convenor 304 is capable of removing Doppler shifts originating 
from the transmission radio link. 

The DIRAC DSIC system 300 can be used as any type of spread spectrum receiver. For instance, the DIRAC 
DSIC 300 could be used to receive a spread spectrum signal from a satellite or other radio transmitter. More specifically, 
the DIRAC DSIC 303 could form the receiver portion of a position determination device such as a global positioning 
35 system (GPS) device 

A complex signal results from the down conversion. The resulting complex signal is down-sampled by the variable 
decimeter 305 to a rate of S complex samples per code bit. These samples are fed into the Chip Matched Filter (CMF) 
308 ; which is a Square Rooted Raised Cosine (SRRC) filter with a roll-off of 0.4. It has a signal-io-noise ratio (SNR) 
of 40 dB and a spurious response suppression of 50 dBC. The CMF 308 realizes a down-sampling with a factor of 2. 
•*o down to 4 times tic code bit frequency. 

The CMF 309 samples are provided to a dual demodulator 310, demodulating a pilot (reference) channel and a 
traffic (information) channel. This allows the use of synchronous CDMA. The correlators 310 calculate the complex 
correlations of the traffic channel and the Early; Middle, and Late correlations of the pilot channel. 

From these correlations, the ARM 316 calculates delayed lock loop (DLL) phase locked loop PLL and automatic 
-5 frequency control (AFC) variables during tracking and acquisition, which are fed back to data-path registers. For this 
purpose, the ARM 315 acis as the controller in a control system with feedback. The ARM also performs frame extraction, 
channel decoding and provides a user interface and communication to a host computer via a serial port 316. 

The ARM 316 communicates with its peripherals via its interface. The ARM 316 can store 14*16 bit correlations 
and 14 parameter of variable length. This allows ARM I/O without wait -states, leaving a maximum of cycles for the 
50 tracking and acquisition algorithms. 

in a typical example like MSBN (Mobile Satellite Business Network) with a symbol rate of 3400 sym./s. the ARM 
running at 40 MHz can execute 11.111 cycles or 6944 instructions (1.5 cyc./inst.). 

The ARM core 31 6 also provides an interface to external memory (RAM and EPROM) and to a standard ISA bus. 
i he interface to the external memory and ISA bus is provided for development purposes. In a completed device, this 
interface to the external memory and ISA bus can be removed. 

Each one of the elements in the block diagrams of Figures 2 and 3 is modular in design and provides communication 
using a interprocess communication protocol (ICP) described below. Accordingly, each block is provided with an IPC 
buffer to handle communications between different dedicated haroware block functions, such as the functions shown 
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in Figures 2 and 3. 
Communication Buffer 
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need to be free ol skew 9 " 9 ' S ' mP " fied ' b8CaUSe ^ ,he clocks inside a Pressor 

an o^Tew^l? °' T^**" Pr0t0C0, 35 dSSCribed further bel ™ diagram of Figure 4 details 
l^^Z^i^^^^ P ^^ °J Pr0Ce H SS x°: b,0CkS - AS dSpiC,ed in FlQUre ^wodevlcfs 

zzz™ h ™ z ^ r z!:tt;t s addi,io :' a disabie si9na ' can be p ^ ed » c °-°« « 

ioKr* a J usable the circuit. Control disable signals are provided on signal lines 326h ^?fih 3n w 

d 3 e S 6 cr tb A ed COrd,n9ly ' 3 ~ ,Ca,i ° n ™ ^ ^ a P""^"" commS « a!"^ 
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The advanced spread spectrum transmitter and receiver ASIC (ASTRA) comorisas a osrtio.iar ^n,.*, 
genenc, modular archjIecture extension (o ^ ^ Dsic > «*ip £. a pan> of a 

^s«^^e^ ad * ten - r astra ch,p ,s a ,owcosr -•p-erVei^rorr.^crcrr n9 
^issrsr- and modu,ar ~ is — - : 

whe 7st?g r psssVoMA n becl ifT ^f*?* wireless ,ink can handl * a .imited data rate, which is fairly ,ow 
the not data S forT? h f U Spread ' nfl ,aC '° r redUC8S ,he ra,e ' The lonaer ^ treading code the bw-r 

the IS o ' ad'o and' Z T, * * T n ° l09,Cal ,im " a,i ° nS ° f < h * baseb - d ™ d - 

one or two orders of maal.tud, h ? 9 CaPaC " y - ° tder t0 increass lhs rate by 

u iwo orcers of magnitude, fundamental solutions are disclosed 

of simu!,atousTn°l?n^^r n n,,0n " '° eXP,0it U " iP ' e ^ °' ° SSS ° SSS a,iows a n -^r 

transmission^ oriSl T * aSS ' 9n ' n9 ^ ^ 3 COde orlh °9°na< to all the other codes in the 

t7c*Z11 r PeeC ,0P0, ° 9y! Wh6re a " ne ' WOrk ' ntelli 9 ence is dlS!f ' buled - 

bHity o ^ °a dl ibu do erTooJ: ^ Pf ° blem (reC6 ' VerS £t dif ' erent ,ocation ^ f -si- 

toimplementsucha s^ fl < ? "''T^ 3 Cen ' fal '^nsmtssion-power control system must be added 

data H or a e nig n in da,a a ™ muTi ZTT ^ ^ *" ^ r ' etworks ' " 15 10 ^ 

orthogonal fa,r o hers !nTi t rf I ^ SeVefa ' Para " el C ° MA linkS ' Each Channel 15 assi 9 ned a =ode 

wire line ^^p 9 ^^ "1 ■ SUmmin9 ^ ^ TranSmis sion via non-re line or 

is provided bv u 2 Z r T ^ ' S d6Spread USing des P^aders *10 4,2. The despreading 

can b rccoos. u Z 'ZZZTl ^ T T SPr6adin9 ° Perat '° a deSPfSadin9 iS P erfo -ed. the data 
For °!° nsIructed ; Thc noisc wh 'ch is on each channel is a sum of the noise from both channel* 

the sarnMo r nta '!? n ' ^ (mU ' iiP ' e) transmi,ters are at *° same physical location anc all (multiple) rece.vers are a. 

San" ^ 

downconve^rraSa bu. ZT, 7 'V* COmm ° n ' Th,S a "° WS " only one carrier 

onvertor/trackmg, but N despreaders The brt phase acquisition and tracking are common 

The transmitter uses parallel spreaders The transmitted signals are combined by summing them after the spread- 
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ers to form an N-ary signal instead of a binary (BPSK) or 2 binary <GSPK) signals. The Nyquist filter in the transmitter 
(such as the Chip matched filter 241 Figure 2) is then no longer a binary input filter, but for three channels a ternary 
input filter, for 3 channels a quaternary input filter, etc In Figure 27. the architecture of such a binary filter 330 and a 
corresponding ternary input filter 332 are shown. 

5 The near-far problem is completely avoided in this type of multiple access link. In order to make the architecture 

modular, so that more channels can be added as a higher data rate is needed, the structure in Figure 6 is proposed. 
As seen in Figure 6. a transmitter side 520 and a receiver side 522 are provided. The transmitter side 520 has a plurality 
of slave transmitter channels 522A. 522B. 522C with spreaders and a master transmitter channel 524 having an up- 
convener. Each of the transmitter channels has a spreader and a summing module. The data from all spreaders is 

10 summed before up-conversion and transmission via a radio transmitter 526. The receiver side 522 receives the data 
over a radio receiver 528 (or wire-line or optical link). This data is down converted in a down -converter 530 and the 
resulting data is provided to multiple parallel despreading channels 532A. 532B ; 532C and 532D with one receiver 
channel 532a being the master receiver. A synchronization module 534 provides for synchronous CDMA. The system 
shown in Figure 6 is an overview of the proposed ASTRA DSIC in accordance with the present invention. This structure 

is provides a very modular architecture which can be easily expanded or down sized for bandwidth on-demand architec- 
ture. 

Note that this transmitter architecture limits the ripple path of the spreader-adder to a logarithmic-depth ripple path. 

The processing gain Gp for a spreading length of N is Gp = 10 x log(N) dB. There are'approximately N balanced 
or more-or-iess balanced and orthogonal codes for a code length of N (if N is larger than 30). This number is an absolute 
20 limit on the number of possible parallel channels. 

There is also another limit. The user-interference noise added to the link with each additional channel is L dB. As 
described above, the cross-channel noise is additive. Adding channels only makes sense as long as the total loss k x 
L < Gp : win k being the number of interference channels. 

25 The Spread Soectrum Modem Development Kit 

The Spread Spectrum Modem Development Kit of the present invention aims at two goals: 
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(1) A platform to design demodulation algorithms. 

(2) A rigorous way to specify new. customized. ASICs, by passing a selected parameter set to the ASIC designer. 

The requirements on SNR, bandwidth, symbol rate, symbol parity. Doppler shifts, Doppler rates, bit error rate, and 
jitter differ from one modem application to another. Therefore, the modem DSICs are designed to meet the most strin- 
gent satellite link requirements, in this sense ; the modem DSIC chips are a superset of a range of more dedicated - 
3$ terrestrial - modem applications. 

Flexibility and programmability are provided in the architecture of the DSICs. Exploiting this flexibility, the devel- 
opment kit can also prototype less stringent modem applications. This aliows for real-time modem tests, where a 
number of settings can be evaluated in the field. The Modem Development Kit provides an easy-to-use interlace to 
download any parameter combination. It also aliows monitoring of relevant performance measures in real-time. 
•to When the Modem Development Kit is used to find a suited parameter set for particular modem requirements, the 

parameters provide the detailed specifications of a new modem chip. 

The kit consists of two parts 

a set of modem boards, called evaluation boards 
• connected to each evaluation board, a PC (host comouter) with a user interface, monitor software and parameter 
setting software, to control and observe the evaluation board behavior. 

Figure 7 illustrates an overall view of the spread spectrum modem development kit system 500. In general, the 
modem development kit system 500 has evaluation boards 502. 502a. host computers 506. 50S. a. user interlace 5 10. 
*o 512: radios 514, 516: a spectrum analyzer 518: and an oscilloscope 520. The evaluation boards 502, 502a are the 
same. Further details are provided below. 

Evaluation Board . 

5 > The Evaluation Boards 502, 504 are PCB circuit layouts containing a spread spectrum DSIC 530 such as the 

PMCM DSIC 202, a DSP 532 such as a TMS 320-C31 (available from Texas Instruments) with RAM and ROM 534. 
an FPGA (not shown in Figure 7). a parallel port 536, a serial port 533. an analog-to-digital converter 540, and a digital- 
to-analog convener 542. These converters provide analog input/output (I/O) communication at the IF frequency. A 
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rad.o 514 516 (i.e., IF-toRF up- and down-corwertor) can be connected to the evaluation board an^lon int^ , 

nex.bl 1 P, h 532 ' and lhe FPGA are P r °9«^able. the Evaluation Board 502, 504 provides full 
^ inm S , data K fa,eS - SPfeading t6ChniqUeS - * raCkin9 '°° PS - synchronization alBoriET^ 

^hiSS'S; T Z eSe °\ Mment (he FPGA iS COnneC,ed betwee " "he bus and the Pm6m 530 ' 
R S2 2 t™ ^ „° thS eVa,Ua " 0n b0ard 50Z 504 provides a serial h ^t interface that can be connected to anv 
-oaS ' J™ 3 s a h ' S /J' ,0 ^ Set ' Pafame,er Settin9S t0 bS Ch6Cked - a«J codes o be down" 

(^r^^^i^ fateS IO be meaSUred - 3nd ^ p '*~ measures via a terrTa, 

outpufor a m^rf Th X ^J Mi ° n 502 ' 504 pravides a parallel interface that can be configured as input or 
The a *Zl, 1 nl f reaH ' me d3Ia 3nd measurements » be written to and read from the modem 

DSIC basTd on « 4 n mm Ua "° n iS deP ' C,ed in d6taii iP Fi9Ure 8 A " «W™ ^ « generated by this 
uiic based on a 40 MHz crystal oscillator in the present embodiment Y 

lhe r^cTc!^ ZlTJ' ? ^So™ arcnitec,ure is illuslrat ^ in detail with the interconnection between 
5i4^n?r r 2 T ^ 502 ^ AS depicted in Fiaure 8 < the board has the radio 

53t o? ,n^n T^f TneS ^ deV,CeS C0UP ' e 10 ' he FMCM -° SIC 53a The PMCM-DSIC 530 couoles to the bus structure 

he o 1 , ! pr ° grammable arra V l0 9 ic block 535 also couples to the bus structure 531 and to the DSP 532 In 
he P- - --.Uxi-rnent. the DSP 532 ,s a Texas Instruments TMS 320-C3 1 which a.so couples to the bus struct e 

ter aco 3^ , T 537 3 ' S ° C ° UP ' eS '° ' he bUS S,rUC,ure for troubleshooting. The LSA in 

te face j3 < p,ov«cs access to s.gna.s in the evaluation board 502. The EPROM 534a depicted in Figure 3 also couoles 

U '° a l We " 33 rand ° m aCCSSS mBm "V (RAM) 534. The ISA interface 536 is'd p cf d in e 
dep c^, ? : C "Tp 10 ! S f US StruCture - The ISA interfa - "4 provides the parallel mterface to me comput r as 
nee on 0 n b s 53^ "th ? T*™™ < M 538 is *P*" in Figure S with its con- 

prov,do; r r i^^^ 8 "'- the UART 538 comprises an Rs - 232 in,erfacs wh,ch prsferabiy 

The Ev^chikx, Board 502 also forms the heart of the Development Kit, described in the next section. 
The Mori on rVvnlppment Kit 

real-^m^^ 

10 5T2 rn LT' ementS ' ^ measurements can be dis W graphically in real-time on the displays 

softwf e „6?rv r ! H T lnt , erfaCe iS pr ° Vided ThS Deve,opment ><it contains a TMS320-C3T embedded 

conZ ,n ^ ol ho FPGA Tn V ?* ^ ^ M ^ ^ ^ " a '^° a "°^ for 

^uimguring 01 (ho FPGA on the Evaluation Board 502, 502a 

The spcdlic goals of the modem development kit are as follows: 

^T^LSZIT"!! T ithin meanin9fut ranges - This Includes the selectK)n of various modula,ion 

schem.s symbol rates. PN code lengths. PN codes. IF rates. PLL parameters etc 

RS^S^r 9 °' Van ° US d3ta S ° UrCeS ' SUCh 33 tSSt meSSa9eS " fileS ' teSI ima9eS ' camera ,ma 9 es - ^eech and 
Support to evaluate an operational modem, including: 

• Report the sellings of all parameters and PN codes. 

• Measure the bit error rate (BER)!' 

Recl-iime measu.emenls ol lhe Tx and Rx interrupt rales to cneck the clocks 

a atrand^mS ^ "« * ^ ^ ntored a " d ^ Q^anch sep- 

Real-time monitoring of the PN code phase acquisition phase. 

Real-time constellation plots for both the I and Q branches 

Real-time measurements of the interrupt server execution times on ;hc DSR 

For specialized telecom engineers, the redesign of the major modulator components is supported: 

tenf^ PLLS 'wf r69i0nS ^ n °' Se SenS ' t,Vity f ° r 9iVen Parameier 3ets such 33 PLL fi,ter ^ analoo 
oana widtn. damping and loop gain) 
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• code types and code sets (orthogonality, cross correlations, auto correlations, balancino means and vanane^ 

• aS^t^.s^: k,pmw, of ,he suppor,,n9 dsp 532 This ai,ows ,o -«-^ xzssl 

algorithms, oased on the same raw correlation data supplied by the DSIC 

• A link to the TMS320-C31 DSP 532 for the PMCM 530. 

• Support the implementation of pan of the synchronization in the FPGA. 

Using the Kit for Ra nid Customization 

wi r pS?nL h TK DeVe!0Pment Klt: 3 deSi9nef may ex P eri mentally find optimal parameters for a part.cular wireless or 
wireline link. These parameters can be translated into a cost-effective ASIC solution 

high 00 ^ EV3lUati0n B ° ard 502 iS SUffiCiemly ^ to ™* W throughput and 

In addition, the DSIC 530 has a modular architecture, so that it is easily adaptable to the specific requirements of 
other apphcations^ li can be customized into cost-effective ASICs (Application Specific Inteorated C w™™* 
particular needs. Th.s modular architecture allows for fast customization of the DSIC 530 ~ 
Examples of specification changes with respect to the standard DSIC are: 

a faster chip phase acquisition unit, 
dedicated carrier and chip tracking PLLs. 

frequency diversity control by a slow hopping strategy over the ISM band, 
dedicated symbol formatting frame extraction and symbol detection, 
antenna diversity and T/R switch control, 
more parallel traffic channels, 
a dedicated medium access layer, 
a different modulation scheme. 

port to another processing technology, another package (including MCM technology) or another foundry. 

,c ah?, 6 a f ,S ° rSlaX 3 nUmbSr ° f Specificat,ons of * he DSIC 530 in order to reduce the cost. The PMCM DSIC 530 
is able to maintain satellite links, which is the most demanding wireless or wireline link. The PMCM DS I C 530 ooera^ es 
under extremely low SNR conditions, and with large Doppler shifts and large Doppier rates. The PMCM DSIC 530 may 
be over-functional for less demanding applications. y 
Examples of specification relaxations are: 

• Leave out the pilot channel. 

• Relax the filter specifications, or leave out the filters. 

• Reduce the number of on-chip functions by using a half-duplex mode 

n^^^SZT"^ R6?laCe fU " Pr ° 9rammab,e C ° d6S <™ hi P RAM > * 9-erators for a 

Leave out the phase error measurement for ranging applications 
Drop the decimation features. 

• Use a different over-sampling rate 

Development Kit ConfintiratinnQ 

Each oevelopment kit consists of at least a computer 506 and an Evaluation Board 502 The serial Don 53S ran 
be used to program the DSP and the FPGA. Th,s link can be removed once the modem is ope agonal because^ 

SSnSr T ' S l0Cated " EPR ° M ° n me 6Va,Uati0n b ° ard 502 - ThS ™«™ 
parallel .menace ports lo transmit or receive data from the computer bus. such as an ISA bus 

The development kit allows for two types of measurements. 

• Baseband and IF measurements 
RF measurements 

one rd^on'JaTwo'^H 0 b3S6band ' F measurementE descrlbed « »» <°"°w,ng sections us.ng 

only wheoThe Is ZorTxZZ* ^ ** " Preferab,e ' ^ ^ Chr ° niZaIion "P«* can be evaiuated 

With one evalaton h« h I <RX> ° n Sli9h " y CryS,al '^^ncies. which drift in time. 

^ pZa7£n ^T measuremems re, V ° n (he ""WuP'ex operation of the baseband and IF functions For 

pr °P a 9 atlorl measurements, two boards are needed. This is because the RF radios 514. 516 are half-duplex 
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kits irshownt%u C r°e n ? Ura,,0n ^ ^ eya,Ua "° n **" " ^ R ' 9Ure 9 The ™« *™«» se.-up using ,wo 
In these set-ups, the data is provided by the computer 506 at the transmittpr ^ (*\ta n a ^ * ■ 

Additional Equipment . 

In order to perform all measurements, some additional equipment is used. 

A 50 Mc oscilloscope 520. 
• A spectrum analyzer 518 for the ISM band (2.4 GHz) is optional 

2s°P^ need6d f0f m ° re SpeC,ah2ed ap P' icallons = ^ wants to .program the 
20 Conventions 

bracteTsTrtT? 1 ? " ' S ' h ' S tyPe ^ A " y ° Pti ° nal partS ° f a command are e -^d - scuare 

STSL Arlumb. J a ! 8 ema,IV ! S SePafated by VertiCal baf3 ' Any —^fined va.ues are primed in i,a„cs. 

Booting , 

ThPmn^ P °Tl iS tUrned ° 0 ' thS m ° dem bCOtS k0m the EPROM 534a - This activates two different processes- 

the user via the RS-232 interface 538 (if there is no terminal or PC connected to the RS-232. this cannot be seen) 
^ Jf a computer « connected to the RS-232 interface 538. any graphical user interface can replace the^uaS 

by tyX^ TV* Pafam - CheCk,nq/Settl ^ com ™^ Each command can be activated 

°y typing at least the first two letters of its name. Typing "help" shows the following help list: 

help shows list of commands 

baud set hcst interface baud rate 

'"Put <1..3> transmit data source 
■to output <1 „4> receive data sink 

tx input transmit string 

rx print received string 

frame [2..67J set frame length 

UW set unique word (0.. 228.. 255) 

J 5 modular <1..2> use BPSK or QPSK modulation 

filter <oo -2-3> turn Tx/Rx filter off/on 

hold set Tx held factor 

dcim set Rx decimation factor 

tfchip set TX chip freq offset (Hz) 

50 rfchip set RX chip freq offset (Hz) 

if set IF (MHZ) 

tcarrier set TX carrier offset (Hz) 

rcarrier sot RX carrier offset (HZ) 

tstep step in 1 TXchip 

" rstep step in 1 RX chip 

swap swap PN codes 

'level set 1 level (O to 127) 

qlevel set Q level (0 to 127) 
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dwell 


set symbol dewell (1 ..50) 




dllbw 


set dll band width (1 SOOrad) 




pllbw 


set pll band width (1..500 rad) 




dg 


set dll gain (..1„) 


5 


pg 


set pll gain („i..) 




bitdec 


<0-i> reverse sign bit decoding 




ferr 


<n> uncertainty carrier (Hz) 




pnlen 


<n-15-25> set PN code length 


10 


update 


[1..100] set tracking update rate 


rate 


<n> set symbol rate 




ccodes 


<l Q> chance code indices 




zcodes 


put codes tc all-zero 




gain 


display AGC gam 




ber 


[n] display [reset] BER [frame] 


IS 


status 


print SOM siatus 




dspif 


display DSP interface status 




pcodes 


print PN codes 




scatter 


record 10 scatter plot points 




corr 


print correlation profile 


20 


timer 


<0-1-2> set timer to olf-Tx-Rx 




debug 


print integer debug variable 




fdebug 


print float debug variable 




run 


re-run program frcm the start 




rinit 


reinitialize the PMCM-DSIC 


2S 


reset 


reset phascrs on PMCM 




clear 


reset TX and RX carrier and chip frequency 




halt 


discard interrupts 




on 


turn TX on 




off 


turn TX off 


30 


lock 


re-)Jock and track 



a . ^° S ' °| ' hese comma "ds work in two ways: typing a command followed by a parameter value sets the new value 
and typing the command without a parameter displays the current parameter setting. 

35 Setting up the Host Communication . 

I! a host computer or terminal is connected to the RS-232, the communication parameters are defined. 
Setting the Host Interface Baud Rate . 

40 

is 1 9^olZ b r U lTT nd T S ,h l hOSt in,SrtaCe b3Ud ra,e ' 0f ,he RS " 232 serial c°™un,ca.,on link. The default 
is 1 9200 baud. Th.s baud rate has nothing to do with the modem function as such. 

Transmit Data Souri-P 

45 

The modem transmits the contents of a 67 byte FIFO 550 (see Figure n ). If the FIFO 550 is filled with static da-a 
(e.g.. a text message), the modem transmits this message continuously 

wZTu* T 6 °' meSSa9e iS 3 UniqUe W ° rd (UW » (defaull: 0xE4 or 22S >- The uw -s used to synchrony the 

so ;r ( ;%t° re To T h de,erm,ne ,h L s r of the demodu,at,on ,o ,eso,ve the 180 de ^ s ^ -Uu* * 

carrier (see F.gure 10). The remaining 66 bytes can be used as payload 

There are several sources to fill the transmit buffer payload. To set up various test sites, data can be taken as follows: 

Aboard oMhTpT 3 T^T tranSmisSion 0( a messa 9° °< «P <° ^ytcs of ASCII, to be typed in via the 

Keyooard of the PC controlling the modem board. 

iZl 3 innn! * of a set of images stored in the EPROM on the modem board 

lype 3 input means transmission of a file via a 9600 baud RS-232 input. 

The input command selects one of these possibilities. 
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Example: 

mod^ml^f " 9 IT"' T 1 ! a mUS ' makS SUfe the h ° Si in,erface baud rate is to 9600 baud and the 
modem data rate is at least 1 0 kb/s. otherwise the modem will be overrun. 

Transmit Data Bnrter 

If the first input mode is selected, a message can be typed into the Tx buffer by using the tx command If no 
argument ,s issued, the contents of the Tx buffer are displayed 9 ccmmand - » "° 

buffi TLTr^ h h 3 1' Se ' eCted ' TX bUf,6r 15 ConIinuous| y u P dat ^ with new frames. Inspecting the Tx 
ourrer by the tx command, displays a snapshot at a particular moment in time 

The default contents of the Tx buffer is the default unique word (UW), followed by an all-zero message. 
Receive Data Sink 

There are several ways to process received data. 

• Type i output means the received bytes are stored in the Rx circular buffer 550, and no other I/O is performed 
IZ \ \l T meanS reCeiVed bytSS are St ° red in the RX CirCUlar bufler 550 ' bu! also sent out via the parallel 

• fvnp \ C ? mPU ' er C ° nneCted l ° ' hiS P ° rt Can in,efprel ' he data as ima 9 es and dis P' a Y '^m in real-time 
Z a t::ZZ RsS^nt 6 ' by,SS "* St0fed " ^ CifCU,af bUffer 550 ' and a,S ° S6nt °" 35 ASC " 

l^T^tl^J!!?^? b T S, ° red ^ RX drCUlar bUffer 55 °- but modem s,a,is,ics < such as the 
cnZZ h f ] 9 ' reqUenCy 0f,Se ' 3 arS S6nt ° U ' Via the P arailel P° rt 536 A h°st computer 508 

connected to this port interprets the data and plots the data in real-time. 

The output command selects one of these possibilities. 

Receive Data Rnffar 

can ^V^SS? fT St ° red iP thS 67 byte CirCU ' ar bUff6r 55a At any moment a sna ? shot of *is buffer 
can oe displayed for inspection, by typing the rx command. 

Frame Length 

betwIen'S ''T ^ * SqUa ' '° ^ ^ °' ^ CirCU ' af communicat ™ buffers) can be set to any value 
oetween 2 and o7. Use the command frame to inspect or reset the frame length. The default frame length is 67. 

Unique Word 

U W l^TZZTf^ '* '"n ° f ^ ,ransrTlltted frame ' The UW c °™ a "d is used to set or mspect the 

codiro T«2 h ' S E4 ' WhiCh 15 ° UtSide ,hS n ° rmal 7 - b " ASC " ran 9 e ' When transmitting images, the 

cooing is selected in such a way that the unique word is not part of the data. 

For transmitting binary files, a byte stuffing algorithm is used to avoid confusion with the unique word. 
SETTING THF M ODEM PARAMETFRS 
Selecting the Modulation Scheme 

OPS?!! TTt eithef 3 BPSK ° r 3 QPSK mcdulation scheme BPSK is in ^' a "ed through the command mo 1 
UHb* is installed through the command mo 2. Typing mo reports the current settino. The default setting is OPSK 

for QPSK e " her m ° de d ° e$ ChanQe Symb °' fate ' U d0SS - h ° WeVer ° han9e thS b " rate - which is 2 time3 hi 9 her 
5S Switching the Filters . 

The PMCM-DSIC 530 contains a root-ra.sed ccsme filter in both the Tx and the Rx. These filters can be bypassed 
r-or some of the measurements, it is necessary to switch these filters off Use the filter command controls the signal 
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flow, as follows: 



filter 0 bypasses both the Tx and the Rx filters. 
• filter 1 bypasses the Rx filter only, 
filter 2 bypasses the Tx filter only. 

filter 3 bypasses neither the Tx. nor the Rx filters. In the normal operation mode, the signals run through the filters, 
so the default value is 3. 



Tx Hold Factor . 

The Tx hold factor can be set using the hold command between 1 and 102G Its effect is to over-sample the Tx 
main clock accordingly. Increasing the hold factor does no* change the chip rate, the symbol rate or the IF carrier 
frequency. However increasing the hoid factor 



is • increases the resolution of the carrier wave (in samples per carrier period), 
allows de-coupling of the carrier frequency and the chip frequency. 

Example: 



If the symbol rale and/or PN length is low ; the chip frequency is also low, and the 5-fold over-sampled chip clock 
generates a carrier up to Pn x rate x 4 Hz. Using a hold factor of 10. generates a 10-times higher carrier frequency. 

The hold factor is limited by the inequality Pn x rate x8x hold < Xtal/z = 20 MHz. The Tx hole factor is not related 
to the Rx decimation factor. They can be set independently from each other. 

Rx Decimation Factor. 



The dcim command inspects or sets the Rx decimation factor between 1 and 1023. The default value is 1. 
Increasing the decimation factor decimates the incoming symbols accordingly oy sending out the mean value. 
Increasing the decimation factor does not change the external symbol rate. Instead, it up-samples the Rx chip clock. 
The Rx decimation factor is not related to the Tx hold factor. They can be set independently from each other. 

Tx Chip Frequency Offset . 



The tfchip command inspects or sets the Tx chip frequency offset (in Hz). It can be positive or negative. It can be 
used to simulate crystal mismatches on one modem board. This allows to investigate the chip frequency PLL perform- 
ance. 



Rx Chip Frequency Offset . 

*o The rfchip command inspects the Rx chip frequency offset (value in Hz), which is continuously updated by the 

chip frequency PLL. 



45 



so 



Carrier frequency . 

In contrast to the chip frequency, which is set implicitly, the earner Irequency can be set explicitly with the if com- 
mand. The frequency of the digital intermediate frequency (IF) can oe set up between DC and half of the over-sampled 
chip frequency. The argument value is in MHz. 

Tx Carrier Frequency Offset . 

The tcarrier command sets the Tx carrier offset {in Hz). It can be positive and negative. It can be used to simulate 
Dopier shifts on one modem beard. This provides monitoring of the carrier frequency PLL performance. 

Rx Carrier Frequency Offset . 

The reamer commands used to inspect the Rx carrier offset (in Hz), which is continuously updated by the carrier 
frequency PLL. 
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Tx Chip Phase R?on 

The tstep command advances the Tx PN code generator by 1 chip. 
Fix Chip Phasft StPn 

The tstep command advances the Rx PN code generator by 1 chip. 
Power Level r,f t he I Branch . 

^ ^The ilevel command inspects or sets the gain of the I branch. It can vary between 0 and 127. The default value 
Power Level nf the O Branch . 

|S 1 q ' evel command ins Pects or sets the gain of the Q branch. It can vary between 0 and 1 27. The default value 
Symbol Dwell 

During the ch.p phase acquisition, the correlations for each candidate chip phase offset can be averaged over a 
number of consecutive symbols. The average is the symbol dwell. It can be set by the dwell command. The default is 2 
t he ch.p pnase acqu.s.tion time (ta) is proportional to the symbol dwell, because a sequential chip ohase acquisition 
algorithm is used. The approximate acquisition time can be computed as t a = pn-ien x 2/3 xdw. 
QO ™! Car D r i er and ° hip fr ^ ucnc Y ar e net tracked during acquisition. The acquisition time, t a . must be small enough 
so mat the PLLs can lock in after acquisition. The allowable frequency drift depends on the PU band widths 

Due to crystal mismatches, the optimal chip phase may drift by more than half a chip by the time it is detected In 
that case : the chip frequency PLL locks in a wrong state. 

30 Bandwidth of the Chip Frequency PLL . 

a h I he . dl !" bW Command sets or ins P ects the anal °9 bandwidth of the chip frequency PLL. It is expressed in rads 
and the default value is 50 radians. It should not be set lower than 1 rad. 

Increasing the bandwidth increases the chip frequency offsets that can be tolerated, but it also increases the noise 
sens.tivity of the PLL. In general frequency steps equal to the bandwidth should not disturb the PLL 

Bandwidth of t he Carrier Frequency PLL . 

a h L h6 H "" bW COmmand sets cr lns P ects < he anal °9 band width of the carrier frequency PLL. It is expressed in rads 
and the default value is 100 radians. It should not be set lower than 1 rad Increasing the bandwidth increases the 
carrier frequency offsets that can be tolerated, but it also increases the noise sensitivity of the PLL in general frequency 
steps equal to the bandwidth should not cisturb the PLL. 

Gam of the Chip Frequency PLL 
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i he dg command inspects or sets an additional gain factor in the chip frequency PLL. The default value is 1 The 
gam is positive, but can either be larger or smaller than 1. 

Gain of the Carriei Frequency PLL 

The pg command inspects or sets an additional gain factor in the carrier frequency PLL. The default value is 1 
The gain is positive, but can either be larger or smaller than 1 . 

Phase Ambiguity 

The bitdec command inspects the sign or the b-t deccding. Th.s sign is computed during the frame lock procedure 
based on the detection of the unique wore or its inverse Reversing its computed value alters this sign The default for 
the argument is " t . " which means 0 degree phase shift A value "O" causes a 130 degree phase shift 
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Carrier Frequency Uncertainty . 

The ferr command sets or inspects the carrier frequency uncertainty range. The modem continuously monitors 
the Rx carrier frequency offset, and determines that the link is lost if the carrier offset falls outside the specified uncer- 
5 tainty range. The value is specified in Hz. and the default is 600 Hz. 

PN Code Length . 

The pnlen command (1 1 s 1 5 or 255) sets the length of the used PN codes, but also selects a type of a code (Barker. 
io maximum length and Gold (all well known), respectively). Alternate code generators can be provided by the user 

Tracking Update Raie . 

The update command (between 1 and 100) sets the tracking update rate. The default value is 1. which means 
is one update of all tracking parameters per received QPSK symbol. Using a larger update parameter allows a high data 
rate, at the expense of a coarser tracking algorithm. 

Symbol Rate . 

20 The rate command sets or inspects the QPSK symbol rale. The rate of the Tx and the Rx should be identical. After 

altering the rate, one has to re-lock the modem. The rate command without argument reports the selected rate. 

Since the modem uses GPSK : each symbol corresponds to two data bits. The bit rate of the modem is twice the 
symbol rate. 

2* Code Set Selection . 

The Gold code generator of length 255 can generate 255 different code sequences. Selecting an I and Q code is 
done through the ccodes command; with 2 arguments. The default selection is (1, 2). 

20 Clearing the PN Code Cache Memory . 

The PN code cache memory on the PMCM-DSIC 530 can be explicitly cleared by the zcodes command. This is 
useful for measuring the carrier waveform. 

55 Inspecting the Modem Status . 

At any time the control variables of the modem can be inspected. These displays offer a snapshot of a time-varying 
function. 

AGC Value . 

The gain command displays the current automatic gain control (AGC) value. The AGC value cannot be altered 
by the user, therefore any arguments are neglected. 

Bit Error Rate . 

The ber command displays statistics about the link quality. 

The bit error rate (3ER) T in faults per bit over the last BER measurement frame. The BER is computed on the 
so payload : not on the unique word. 

A unique measurement number corresponding to the currently stored BER. This allows to distinct between two 
consecutive BER readings. 

The length of the current BER measurement frame. 

• The maximal BER since the last BER reset. 

« • The number of received bits since the last lock command or automatic re-lock action. 

• The number of bit faults per received unique word bits. 

The number of received., serviced, and skipped Rx interrupts 
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BER ^ tyPin9 . °- m6 ~"< can be se, by typing bar 

«u penorm a BER measurement the received data k mmnarari ^ * 

data Therefore, the BER measurement oni^E,*™ ^^^S meTb 7" * ^ 
_ an all-blank message, preceded by a unique word (0xE4 0x20 0x20 0x20 oSm f I % ? « C ° mentS iS 
• BER measurements, type «x (tx followed by a, leas, one blank) 0) ' '° *' TX bUffer pr0perl V <° r 

Demodulator Status . 
DSP-PMCM Int erface Status . 

« »» PMcSTto? ' S " °" PMCM ' 0S ' C lh ' 0U9 '' »» «-«*i«> b« m , OSP 532 and 

This command also reports write errors. 
^ The status can be reset by the reset command. 

PN Codes . 

The command pcodes prints the l-branch and Q-branch PN codes on the screen. 
25 Constellation Diagram 

^ j::; 1 z ::::: ::z a ;;r the chip phase acqu,sition ' a cons,e,ia,,cn ^ «» »• 1 ° ««• - - obtains 

30 Correlation Prnfilo 
jnterrup. Rates 

J5 Debug Variable 

deb u A a ny a! i r d?cL r h and ^ ? ^ ^ ^ Ca * ^ ^^where in the procram to the global variables 

debug and (debug, can be shown by the debug and the fdebug commands, respective^ 

50 Controlling the Modem 

A list of the run-time commands that control the modem software follows: 

Re-starting tha MMam g~n.. nrr 
SS - — ' 

The run command performs a warm start. The settings of the PMCM-CSIC are switched :o tie ceiaults 
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Re-iniiifili7iOQ the Modem Hardware . 

The rinit command reinitializes the PMCM-DSIC 530 with the current settmcs. it does not oownload the default 
parameters 

Resetnno ihe Modem Hardware . 

The reset command does not clear all the PMCM-DSIC registers, it resets 

• tne wrue-acknowledge circuit of the DSP-PMCM interlace. 

• mo complex phasers of the PN code NCO and the earner NCO to itoj. The only way to set these phasers into a 
known state, if to first set the chip or carrier frequency to 0 Hz (this freezes the phaser), and than give the reset 
command to set it to position itoj. 

Sciung the chip frequency to 0 Hz also freezes the handshake hardware inside the DSP-PMCM interface The 
etioc: is tn„t wni.ng parameters to the PMCM-DSIC will result in (false) write errors, but the oarameters will be pro- 
grammer correctly The chip frequency, which is equal to pnjen x symboLrate, cannot be set directly. It can be set 
to zero m two indirect ways: 

• By ^:: : nq rt ncjHtive chip frequency offset exactly equal to the nominal chip frequency. 

• By jt.-*!i:..j symbol rate to zero. 

Resell m -j ir.-> \ ZOs 



25 The chip .,no cimcr frequencies of both the Tx and the Rx can be reset to the set-up nominal values by the clear 

command 

The nom.n^i vh ues however are not reset to their default values. The nominal chip frequencies cannot be set 
directly They ^c^pt automatically with changes in the symbol rate or the PN code length parameters. 

30 Stopping trr Modem 

The halt command disables both the Rx and Tx part of the software. The user interface stays active and also the 
Tx part of the =>MCM-DSIC retains its settings. 

55 Turning the T> Qi 

To save transmission power, the Tx can be disabled by the off command. 
Turning the T> On 

40 

After using the off command, the Tx can be re-activated by the on command 
Start the Rx Modem Function. 
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The lock command starts the chip phase acquisition algorithm, followed by a continuous tracking and decoding 
It reports the selected chip phase and the initial AGC value : when switching from acquisition to tracking. 

Design of PN Code Sequences . 

On the host computer a software aid is added to design, evaluate, and download PN codes. 
Also, code generators are built inside the TMS320-C31 software, part of this development kit There are >hree 
generators available: 

• one for a Barker code of length 11 The I and Q codes are reversed. 
« • one for code length 1 5. The I and Q codes are reversed. 

• a more complex set of Gold code generators of length 255, with 193 balanced codes (numbered from 1 to 193) 
and 63 unbalanced codes (numbered from 194 to 256). 

any other code generator aaded by the user. 



27 

;CtD <EP 0767544A2_I_> 



w 



15 



20 



25 



EP 0 767 544 A2 

arP T7 T ^ len9th Wlth the pnJen command ' the appropriate code generator is activated and the codes 

are automatically downloaded in the code cache inside the PMCM-DSIC The default length is 255 

MEASUREMENTS . 

tinnJ * UbS * C ' bn describe * «he procedures, i.e., the measurements, set-ups and the corresoonding parameter set- 
tings, to check the parameters that can be downloaded. 

Tx Data Rate . 

everv d3ta - rq PU ' Se 8Very S data bitS (Le " 8Very 4 Symbo,S in (0)QPSK mcde < and 

every 8 symbols in BPS K mode). This pulse is used as interrupt signal INTl on the TMS320. This measures the rate 

of the mam Tx NCO : which is 8 times the INT1 rate. 

a «rt fh Cr °f S ,S aVaHable by SeUing lhe ™ S320 timer lo measure the Tx interru P ( (type the command ti 1) 
me ^symbo^ate ^ meaSUfed frec ^ uenc V in Hz * T ^ number should be 4 times lower than 

The maximum chip rate is 40 MHz J 2/8= 2.5 MHz. This rate is also equal to Pn x rat* 

To demodulate, the Rx data rate should be set equal to the Tx data rate. In full duplex mode, the Tx rate may be 
different from the Rx rate on the same DSIC. 

Rx Data Rate 

<x< I!' R c X n f o nerates a dat a_rdy pulse every symbol. This puise is used as INT2 on the TM3320. Measure it at pin 
J- or tne EPLD. This measures the rate of the main Rx NCO. which is 4 times the INT2 rate 

A cross check is available by setting the TMS320 timer to measure the Rx interrupt rate (type the commandti 2) 
yping fd several times displays the measured frequency in Hz. The number should correspond to the symbol rate ' 
x rate th3t maX,rnUm Ch ' P rate that can be 9 eneraled is 40 MHz / 2 / 3 = 2.5 MHz. This rate is also equal to Pn 

To demodulate, the Rx data rate should be set equal to the Tx data rate In full duplex mode, the Tx rate may be 
dirferent from the Rx rate on the same DSIC. 

Tx Interrupt Duty Cy cle 



It is important in developing the TMS320 software to measure the interrupt duty cycles If the duty cycle of the 
- interrupt becomes ciose to 100. the interrupt servers take too much time to execute. The processor wiil nana as the 
mam program cannot execute. y ' 

The interrupt duty cycle can be measured with an oscilloscope, provided that the interrupt server pulls an output 
pin high when starting, and pulls it low again when finishing. In the present embodiment, certain commands can be 
used to inoicate what signal is present on one or more output pins. In the present embodiment the command ti 1 
causes the transmission (Tx) interrupt duty cycle to be apparent on an interrupt pin of the PAL (Program Array Logic) 
tp n eva!uatl0n bore whlch can also °e provided with an E.^LD {Electrically Programmed Logic Device) The PAL 
or EPLD, as the case may be ; is programmed to monitor signals in the modem for the purposes of trouble shooting 
i ne LSA interface 537 provides the pins for monitoring of the signals in the evaluation board. 

Rx Interrupt Duty Cycle . 

I: is important in developing the TMS320 software to measure the >nterruot duty cycles If the du'y cycle of the 
interrupt becomes close to 100. the interrupt servers take too much lime to execute. The processor will hanq as the 
mam program cannot execute. 

>° the interrupt duty cycle can be measured with an oscilloscope, provided that the interruot server pulls an output 

pin nigh when starting, and pulls it down again when finishing. The ti 2 command causes the interrupt duty cycle to be 
apparent on the interrupt pin of the EPLD 535 which can be accessed through LSA interface 537 This is the same pin 
as used to provide for the Tx interrupt duty cycle discussed in the previous paragraph. 

35 Tx Codes . 

To visualize the downloaded Tx cedes for the l-branch and the Q-branch on an oscilloscope 
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• turn the Tx CMF filter off 
set the IF frequency to 0 

• set me l-branch level to 0 for the Q-codes. and the O-branch level to 0 for the l-codes 

set ihe unique word UW to 0 

ThSn' he 7 00 me RX IR ° (pin 35 ° f ,he EPLD ) Measure ,he IF output of the Tx board 
i he slope of the pulses is a measure for the RC constant of the IF output 

.he oZ'Z^ZTol STST be adiusted 10 av0ld OV9r,oad because ,urnin9 the PMCM ™» off ~s 

The codes are projected onto the carrier phaser, which can be ,n any position, depending on the moment ™ 
urned e earner frequency is zero. The reset command sets the phaser lophase zero (posln on heTeaTa i Mn 
this case, the l-code comes through with max.mal gain, and the Q-code is equal to zero } " 

Tx IF Carrier . 

basset Tel C.C2.zS 8n OSCi "° SC0P6 ° f SPeCUUm ana,y2e ' tha ' " 9en6ra,Sd " lhS ,ranSmit,ef Via a 

• the Tx CMF filter is turned off 

• the IF frequency is set to the desired value 

• zeroes are leaded for all Tx codes (usrng the command codes 

The scope is triggered on the Rx IRQ {pin 35 of the EPLD) 

the ^i^^!x^ n ,or ,he Rc constam « me ,? ° utput - The if - >° » ~ 

« m lH 7*? a l '! ffequenc y ,hat can be generated is half of the Tx NCO clock frequency which is the 8-fold over 
sampled Tx clock, depending on the PN code iength and the selected symbol rate. Thus, IF^T(8x^n ZZ 

Example: 

S x I^^oTmHz 5, 3 Symb °' fa,e °' 2000 SVmb0lS S9C0nd ' ,hS maXimUm ™™ - 0.5 x 

9., 2 U h S O f o%%0 Oi MH a ^;; h , OUld ^ ^ hi9h6St ° Ver - SamP,ed ChiP ,reqU6nCy 15 ,im " ed by thS ^ rale C- 
seleJtedTS ^^^^ " «*« ^ ^ ™ »• FN code .ength and the 

4 <> Example: 

is 1 5^2000 t d 0. SmHz 1 5 3 Symb °' °' 2000 Symb ° 1S P6f SSCOn * ,hS m — <»«* '-quency needed 
lor^TZTesV^ ^ Chan98S W ' th ' reqUenCy - Th ' S ' S b6CaUSe °' the im P edance * the output finer 

-^c: :»?z:^x^Ze:? 7) anc the °- branch camer (set ■ ° an ° « ^ » 

issue T d he Thi S ,nh taneOUS Ph3Se °' CarnSrS d6pendS ° n ,he initial P haser P° siIi °" when the it xxx command was 
or eerier ToZ " °* T™* ^ " °° "» NC ° tr «*™» ™ <Ze^X N CO 

so p asT cLn L e l T7 " '"**** ^ °' ,hB NC ° ran9S ' trunCali ° n errors cause a earner Z The 

t0 A" ^ th V eSet C ° mmand ' ° f ° bfanCh ^ ^ l ™ <* (« ° O? q o! o 

correct ,n,t,a. phase. A earner of half the Nyquis. rate (set if to Pn x rate x 2) yie.ds 4 samples per period 

Tx Hold Factor 

hok ^ ^ X d ^^ a ^^ be, 7 ,n fc , 1023 10 OVer - SamP ' e ,he TX main dOCk acCordi "9 | y- asmg the 

per chip symi oTca^e^oe od- ^ t^T' ^ " ,he ' F fraquen, » °^ ,he resolution ^ 

» the symbol ate and o PN^e ^ 'T' I TT" *" ' raquenCy ^ * he Chip ,requenC * F °'' 

and/or PN length ,s low, the chip frequency is also iow. and the S-fold over-sampled chip clock 
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Tk^h ^f'^' UP '° HZ USin9 3 h0W ,aCt0f °' 10 °- 9enerates a 10 °- times h '9her carrier frequency. 
i rie held factor .s limited by the inequality Pnxratex8x hold < xtal/2 = 20 MHz 

Tx CMF Filler I n« 

on Jna 7«Tn ^ V^Z **" ^ T * Ca "' m at 3 particular ,requenc V is measured whiie the Tx filter is turned 

one freaue' Vdenl' ?' " ^T™ * ^"'^ " ° n a ° ° SCi,losc <" e - This P™ edure eliminated 

oner frequency dependent losses (such as the DAC RC filter loss). 

Rx CMF Filter I n^Q 

The Rx CMF filter loss is equal to the Tx CMF filter loss. 
Tx CV1F Finer g tPn Response . 

fo nortsurc the step response in the time domain, 
nn riii /cro code 

nc Tx curtcr is selected to all M w" (code 0x77) 

UW ib be: to 1 19 (0x77) 
ric if tiuyuc-icy is set to 0 

no . o, Q or.nch only is selected (one may be more appropriate than the other depending on where the carrier 
pnnscr rv, s been Irozen when setting the carrier frequency to zero) 

ne Tx IF output is examined on the scope, triggering on the Rx interrupt (a pin of the EPLD). 

S fo.rt m ° ^ ° UtPUt iS 3 Peri ° diC se ^ ence 010101010101 On every transition, the steo response of the 

a-fold over s^mp.mg Tx CMF is visible. ' 

The LEfK 

usJTn^' 0 ,M ' UreS „ 4 LEDs to indicate the status of tne modem ^uch as in-lock. locking, coasting, etc.) and to be 
used to optimize the software performance. s ' 

Eve Diagrams 

Eye diagrams can be recorded on an oscilloscope by 

• selecting input mode 1 

• loading an appropriate message in the Tx buffer 

selecting an appropriate short frame length and PN code, so the full buffer fits on one :race line 

• triggering on the unique word 

Designing a Dedicated Demodulator . 

n,J^ntZ e !^ menl k " a " OWS 6aSy deS ' 9n °' 8 ° eW demodulator The »™g recovery algorithm, the earner synchro- 
nization and the transient behavior of the modem can be customized. 

ihP TM^on 5 ^ 8 ' 5 dewelopment kit "' a complete QPSK demodulator is supplied. It ,s written in ANSI-C. and runs on 
iM5>jtf)-C3i processor. The optional FPGA is not used. The starts kitprov.des data rates ud r 0 about l3ko/s The 
overall concept ,s shown in Figure 1 0. The minimal functionality is a phase-lock loop (PLL)to track the carrier frequency 
«« r . 3 t0 tfaCk thS Chip Ue * uenc y and P nase furthermore, the down -converted and de-spread symbols 

The ch^etTnc^pTr^ ^ & A "° ^'"^ '* & ^ acquisition al 9° r ^™- 'hat initializes 

r ni rTJ° P,Cl ^ Fi9Ur ° 10 ' 3 Ch ' P phaSG error function 560 r0CCIV0S out P ,Jt data lrom '"0 PMCM 530 early and late 
correlations Th,s estimation block measures the error on the code bits phase in fractions of the code bit Using a 
conventional early-late technique. The chip phase error is amplified and filterec usinc the amplifier 562 and the dll lew 

h ihoPMr?. rf^ ° LL ' O0P fi " er 564 ' ThS ph3Se 6rf0r ' S then USSd t0 COntro ' the chi P < code blt > "equency NCO SS<i 
n tne kmcm DSIC 530 The illustrations with dotted lines in Figure 10 from the DLL low pass filter 562 and DLL looo 
niter bo4 are more detailed in illustrations 562a. 5S2b. of the filters utilized for those functions. It shculc be noted that 
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the low pass filter 552 is an optional fitter in accordance with the present embodiment. The chip phase error is used 
to adjust the chip frequency NCO 565 

A carrier phase error estimation function 556 detects the I and Q error on the down -converted carrier wave, by 
utilizing the residual angle between the real axis and the rotated real signal. The carrier phase error is amplified in an 
s amplifier 56S and subjected to filtering in the phase lock loop low pass filter 570 and the PLL loop filter 572. The phase 
lock bop lew pass filter 570 is an optional filter. The carrier phase error is then used to control the carrier frequency in 
numerically controlled oscillator 574 in the PMCM-DSIC 530. 

A decoder 576 utilizes the real and imaginary branches of the I and Q signals to determine the modulation data 
bu (0-1). accounting lor the "sign" signal, generated by a carrier phase estimation This is a comparison of the unique 
10 word (UW) to resolve an inherent 130 degree phase ambiguity 

The framing function mocuie 573 creates a stream of bytes from a stream of bits, using the unique word (uw) once 
again. The framing module also reconstructs frames from the stream of bytes. As described above, each frame begins 
with the unique word (UW) followed by the payload of data bytes. 

The PLL loop fiiter 572 executes the close-loop transfer function of the phase lock loop, which in the present 
is embodiment is a second or third order control loop. The dynamics and steady state behavior of the control loop in this 
environment are well known tn the art. 

The DLL loop filter 564 executes the close-loop transfer function of the delay locked loop, which in the present 
embodiment is a second or third order control loop 

As depicted in Figure 10 a divide by 6 function is executed on the chip frequency clock 565 by the divide by 5 
20 function 550. This is because an 3-fold over-sampled version of the chip frequency clock is used to control the A/D 
converter (ADC) such as the ADC 540. The division is not provided on the earner frequency NCO 574 because the 
carrier frequency NCO is clocked by the over-sample clock. 

The PLLs have been designed in the analog domain The digital versions have been obtained by applying a uni- 
linear transform Vs = T/1-z" 1 . where T is the sample rate of the PLL. which is taken equal to the symbol rate. This 
25 means tnat the loops are updated exactly once per symbol. Other rates are also acceptable; however the sample rate 
of the filters is hidden in the multipliers. 

The software is full duplex. This means that the Tx and the Rx software execute in parallel together with the user 
interface. The communication between the PMCM and the TMS320-C31 is interrupt based. Figure 11 shows a config- 
uration of the communication channels as circular buffers. More particularly, Figure 11 shows a simplified diagram of 
30 communication between the DSP 532 of the evaluation board of the development kit and the PMCM 530 of the eval- 
uation board of the development kit. As depicted in Figure 11 , a pair of FIFO buffers 550, 552 provide communication 
buffers between the PMCM 530 and the DSP 532. As depicted in Figure 11, the receive buffer 550 is depicted with the 
unique word followed by the data as is the transmission buffer 552. As described above, the unique word identifies the 
beginning of a frame and is used for synchronization and to assure that tracking is maintained. Also shown in Figure 
35 11. the DSP 532 ts coupled to the display and the keyboard for user input and display. This is a simplified connection 
and the communication occurs through the parallel or serial port for the host. 

Transmitting Data . 

-o The PMCM generates a Tx interrupt every 5 bits (every 4 symbols in GPSK). The DSP reacts to this interrupt by 

writing one byte of data to the PMCM. Internally, the DSP maintains a FIFO of 67 bytes, used to buffer between the 
UART or the ISA interface (which supply the data) and the PMCM. One location is reserved for the unique word (UW) ; 
which assures the UW is send out every 67 bytes. The rest of the transmission process is transparent to the user' The 
PMCM reads the data byte, formats it. spreads it with the PN sequences, modulates it on the IF carrier, and provides 

-*5 it io tne DAC. The PMCM also generates the DAC conversion pulse. 

Receiving Data . 

Receiving data is more complicated. Again, the PMCM determines the sample moment of the ADC 540. The PMCM 
50 530 reads the ADC data, down-converts it from IF to baseband, and feeds it to the correlators. Fourteen 1 S-bit corre- 
lation results are offered each symbol each correlation result is split in two bytes. When the correlation results are 
ready, the PMCM 530 signals an Rx interrupt tc the DSP 532. which reads the correlation values before the next Rx 
interrupt occurs. 

In case the FPGA 533 is present, the DSP 532 should read the correlations from the PMCM (maximally 32 bytes 
55 to read) and send them to the FPGA 533. which can then run either the acquisition loop or the tracking loop, depending 
on the status of the modem. 

The DSP 530 maintains the modem status This is done by reading status bits from the FPGA 533 Every 24 bits 
the FPGA 533 issues an interrupt to the DSP 532. and the DSP reads a 32-bit word, containing 24 data bits and S 



31 

jOCID: <EP 0767&44A2_I_> 



10 



15 



20 



25 



30 



40 



50 



EP 0 767 544 A2 

^Tmfcil! coo P 532 SGndS r6CeiVed d3ta Via eilher the RS ' 232 or the ,SA stot or the dedicated I/O ports 

M fo «7 ' S ? l PreS6fU *" traCkiP9 * cquisition is done in softwar e by the DSP 532. This limits the data 

rate to approximately 1 3 kbit/s. 

Booting the Modem 

There are two distinct ways to start the modem. 

Boot from the on-board EPROM. This is the default boot procedure after a cold start or a hardware reset The DSP 

2 °™ V 1°** itS SOftWare ff0m the EPR0M and stans the modem "ser interface. If an FPGA is present it 
automatically downloads its configuration from the EPROM. 

Down-toad the DSP software from a host computer. If the reset button is pressed, and simultaneously, the letter 
m 's Passed on the host computer keyboard, the DSP starts in monitor mode. One can then download software 
via the host interface. 

Downloading the FPGA configuration file from the host computer is done via the DSP 532. 
Jhe IPC Architecture: Communicating Processes 

3CC ; 0rdance w,th tne P resent invention, to describe complex systems and their sub-systems, a hierarchy of 

!«! Urf ^ ;^ mmUn ' Catin9 inter P fOCess communication (IPC) processes are used. The two key entities are IPC proc- 
esses and IPC communications. 

a h A k ,P . C Pr ° CeSS iS sub - s y stem with a confined behavior, with autonomous control in at least one control thread 
and wh.ch communicates to other processes via a welKlefined, generic IPC communication protocol 

Any group of IPC processes is an IPC process, providing conceptual process hierarchy. This h.erarchy is useful 
n specifying a complex system in a structural manner. This hierarchy can be removed by flattening. A process has at 
^ast one control thread, and may have more than one. Otherwise process hierarchy is not possible. Any behavior 
wnicn does not have at least one internal control thread is called a function. 

J^ C3 T 2 Pr ° C9SS ° perates its own contral thread or thre ^s, a process evolves at rts own pace, independent 
|rom the other processes in the system, and synchronizes with neighboring processes only at explicit communication 

In accordance with the present invention, processes communicate with each other over IPC channels which are 
unorectional, memoryless point-to-point communication media. 

All communications over IPC channels happen via a generic IPC protocol. The generic IPC protocol is an abstract 
as VME oTnl 0 ^ '^^^ of lhe 9 enefic protoco1 ma V use an V Physical protocol such 

The interface between a process and a channel is an IPC port. A port is not a process, because then a port would 
TZ 1 3 QOn l° commun,cate < which le ^s to a circular definition of the term port. A pen is part of a process IMs a ■ 
function, and more particular an I/O function, which has a behavior but no control thread. 

n,JTZ a ll tW ° k ' ndS ° f P ° rtS iPpUt P ° rtS and output pcrts ' 0n,y one in P ut P° rt C£n communicate data to only one 
output port. All communication channels are permanent, unidirectional from output port to input port, and point-to-point 

Other interprocess communication schemes, such as shared memory, busses, broadcasting FIFOs parallel-to- 
seria converters, senal-to-parallel convenors, etc. are not primitive IPC communications. Specific IPC processes can 
simulated or implemented these other interprocess communication schemes. 

A port has IPC terminals, which are connected by signal lines or connections to the termma.s of the communicating 
pon. hor each of the two kinds of ports, some terminals are input terminals, and some are outout terminals 

A list of the terminals of an input pon of the generic IPC protocol is as follows. 

a data terminal, called "data." consisting of a set of input signal lines: 

a strobe terminal, called "stx" consisting of one input terminal: 

an acknowledge terminal, called "ack." consisting of one output terminal. 

A list of the terminals of an output port of the generic IPC protocol is as follows. 

a data terminal, called "data." consisting of a set of output signal lines: 

a strobe terminal, called "str." consisting of one output terminal: 

an acknowledge terminal, called "ack " consisting of one input terminal. 
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Connecting an input port to an output port involves connecting all corresponding terminals. This general connection 
^ e ™ WaS Sh ° Wn 3nd described verv generally in connection with Figure 4. As seen in Figure 4. two process blocks 
320. o22 or dev,ces are coupied with an interface 324a and 324b having the data connections, the strobe connection 
and the acknowledge connection. 

A port (both input and output) may have a blocked or an unblocked behavior, which is called the port behavior 
class. A blocked oehavior means that at any I/O instant, the control flow of the process comprising the port is stalled 
untri the communicating process is synchronized (i.e., is ready to communicate). Unblocked I/O means that the control 
of the process compr.smg the port is not stalled at an I/O instant if no ready communication partner is found 

An input port of either behavior class can be connected to an output port of either class. Both an input port and an 
output port can initiate a communication or data transfer. Whether the writing devices or the reading device beoins its 
I/O process first is not relevant. y 

As communicating processes may have unrelated clock inputs, all communication through the ports is conceptually 
asynchronous. Therefore a generic 4-phase handshake protocol is the basic communication technioue The data that 
is communicated in one handshake cycle is called a I PC message. 

Any output port is responsible for having the data stable on the communication channel during the data samplino 
by the input port. Stable data are indicated by having the corresponding strobe 'str' high. An input port may only sample 
data from the channel if the according strobe 'str' is high. The strobe itself can be sampled at any time 

Moreover, data on the channel may only be sampled by an input port once after an up-transition of the strobe 'str' 
to avoid double sampling of the same data. Both a blocked input and an unblocked input wait for the strobe 'str' to 
become low before continuing. This prohibits a last reading device from sampling the same data on the channel lwic= 

Thecorrespcndmg mput port notifies the output port when it may release the stable data via the acknowledge 'ack' 
signal, ihe output port must retain data and strobe 'str' stable until the incoming acknowledge 'ack' makes an uo- 
transition. After that moment, first the strobe 'str 1 signal and then the data signals are released. 

The implementation of this generic protocol can be simplified in case the communicating orocesses having com- 
monalities, such as related clocks that allow a synchronous implementation of the asynchronous protocol 

Full handshaking applies in both blocked and unblocked communication. For blocked-blocked communication the 
initiated transfer always occurs. The communicating processes are forced to synchronize. Accordingly, connected 
processes with different running speeds and clock speeds (e.g., because they have been designed or optimized inde- 
pendently) complete, and never sample unstable data, skip data, or sample the same data twice 

Two port behavior classes yields 4 communication combinations as follows: 

1) Blocked-write. Blocked-read Transfer This type of transfer assures that no message is ever lost or misinterpreted 
(i.e., each written message is transmitted exactly once and read exactly once). Successive messages with the 
same contents are considered different messages by both ports. The clock speeds and execution times of both 
tasks are irrelevant. This is the normal communication mode for data transfers. This transfer protocol is determin- 

2) B| ocked-write. Unbiocked-read Transfpr Blocked=write, unblocked-read transfers assure that no message is 
ever lost or misinterpreted (i.e. , each written message is read, and no transient messages are ever read} However, 
trie reading task is never stalled in the read operation. Therefore, the writing device may operate on a much slower 
c ock rate, without efficiency loss in the reading task. This communication type is typically used for transmitting 
slowiy varying parameters to a fast reading task. The reading task operates as if it reads each incoming message 
many times (which is not the case, because it would block the transm itte r) . If the reading devices decides to execute 
the transfer, the transfer itself is handshook. and the time needed to execute the complete transfer cycle has to 
be added in worst case to the cycle time of both processes, (including the unblocked process) If worst case 
statistics exist on a given percent of the transfers actually executed, this transfer time can be averaged in the 
unblocked process frame time: but if the unblocked process device has other blocked pons FIFOs should be 
provided to maintain the last read rate. 

3) Unblocked-write, Blocked-read Trarreipr An unblocked-wrile, blocked-read transfer assures that no message 
is ever mis.nterpreted 1 1. e. , no transient messages are ever read). However, in order to avoid loss of any messages 
me reading dev.ce runs faster than the writing device; more specifically, the writing device keeps the data stable 
longer than a cycle of the reading device. That means external (speed) constraints impact determinism Unblocked 
wr.tmg devices are, for instance, users pushing buttons or moving sliders, and analog data sources (an analog 
source sets its strobe equal to 1 ). If the writing device is faster than the reading device, messages are lost The 
writing device can synchronize the reader, as the reading device is blocked. 

4) 1 Unblocked-write Unblocked-reari Transfer An unblocked-write. unblocked-read transfer carries no guarantees 
other tnan that staole data are sampled. This transfer type is typically used for synchronizing slow parameter 
setting by user interaction: a user controlled slider for instance should not be blocked, and the parameter reading 
task should also not be blocked However, the protocol avoids invalid intermediate or unstable parameters from 
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impacting the reading task. 
IPC Generic Communication Protocol 
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» The definition of signals and signal transitions used to implement the four combinations of the most Generic orntnmi 

are described below. The generic protocol is illustrated in Figure 12. 9 P 010001 

The sir- signal is active high ; and 'stf high means that the data signals as stable The IPC orotocol aup r pnt 0 « 
that only stable data is sampled at all times, by using the str ' P guarantees 

>o ces^^i^T^ 7 diSlinct meanin 9 s: as an active h '9 h signal, rt functions as an acknowledce of a sue 
cessful transfer. As an active low signal, rt functions as a read request. The distinction is made by the transition an 
up-tansmons .nd.cates that the data have been sampled, and a down -trans it ion means a read Lues^a"^^ n 
illustrates the dual function of the 'ack' signed: request, hgure 13 

Js'welVsm^ 

« Z J! h fead - request req for ,he co ™9 "ansfer. The boxes outlined include full 4-phase handshakes where 
he w , ,ng dev,ce Mates the transfer. The shaded boxes contain transfers initiated by the reading device AsTeJn 

r ^Z£T a V h \™ ^ ' feq ' h3Ve 3 dUa ' 3re ^ each °thersTerse They 

fhP 1,1 redundant - Thereb * 11 tol 'o«s that both the reading device and the writing device can ,n.tiate a transfer 
the wr.t.ng device by an up-transit.cn of the -str-, the reading device by a down-transition of the 'ack' 

low) OnTpt' ? a T"- y initiated ' Wh6n b0 ' h 3 rSad reqUeS ' a " d 3 Wi,e request have been «°ne (-stf hioh and 'ack' 

mean^a/rj^r n n aCt, ; ally "'"^ " * *"* eVen '° f Unb '° Cked "°- Havin 9 -blocked ,0 s'mp. 

means that the actual I/O cycle is sometimes skipped, p y 

handlh^T? Wrili u 9 d6ViCe inUiateS 3 lranSfef ' 11 Wai ' S Until the readin 9 devi " pulls down the 'ack' signal The 
handshake starts as the writing device pulls up the -str' signed. 9 

oullcddown^ 0 "^ "! ntin9 d6ViCe in ' tiateS 3 tranS ' er ' * ChSCkS WhSther ° f n0t the readin 9 device has the 'ack' signal 
pulled down by sampling ,t once. If so. the handshake starts by pulling the writing device 'str' signal up If the 'ack I 
no. low. the transfer is not completed, and the writing device continues. The transmission data is lost 

wrihn^u Tf 1 ? dSViCe in ' tiateS 3 tfanSfer by pu " in9 the ' ack ' si 9 nal down < the read '"9 device waits until the 
writing dev,ce pulls the 'stf signal up. Then, the handshake is initialized. 

or n!,r nbl ,° Cke f r6adin9 d6ViCe ini,iat6S 3 ,ranSfer by pu " in9 ' ack ' 3l '9 nal down ' reading device checks whether 

I ns . s TcZ^T'T* the ' s,r ' si9nal up by samplin9 rt once " so ' ,he handshake is » - ^ 

transfer is not completed, and the reader continues. The transmission data is not read. 
If a handshake is initiated, it always proceeds in the same way (see Figure 12): 
After the request has been recognized, the writing device stabilizes the data. 

1 Next, the strobe 'str 1 signal is pulled up. 

2 The reading device maintains the 'ack' signal down, otherwise no transfer occurs 

s 3 ,tuafcn ading d6ViCe S8mPleS Str ° be ' Stf ' Si9nal Un,i ' i! iS hi9h ' The Str0be ' Str ' makes an "Position in this 

4 The reading device then samples the data. 

5 The reading device pulls up the 'ack' signal. 

6 Meanwhile, the reading device continuously samples the 'ack' signal, and when 'ack' goes high, the reading 
aevice pulls str down again. The 'ack' signal only makes an up-transition in this situation 

' The writing device then releases the data bus and the I/O function is complete 

3 Meanwhile, the reading device watches the strobe 'str' until it goes down, then the readme device finishes ih* 1/ 
O lunc;ion. leaving the 'ack' signal high. 

No two transitions on either control line ('str' or 'ack') are completed without a transition on the other line 
who! ,',! adln9 deV ' Ce S:de °' " he ProlOC01 Can be se P araled from "he writing device side. Cne side need not know 
(Tblocldnlnh; 9 b '° CkeddaSS ° r an unblocked class ' Thus - a containing two distinct input functions 

(1 blocked, 1 unblocked), and two distinct output functions (1 blocked. 1 unblocked), which are independent and which 
ccn be directly connected in any of the four combinations described above is provided. This provides a modular desion 
on „T eX3mP !' °' 30 ' /0 ,ranS,er Wi,h 3 Writ,n9 P focess ^Plemen.ed on a relatively slow clock, and a reading process 
TkZ T f bU ' ,aStCf ° l0Ch - iS Sh ° Wn " R 9 UrC 14 AS de P ictCd in Fi 9urc 14. the writing device clock 360 i " 
slower clock than the reading device clock 362. As indicated in the Figure 1 4, there is a lost cy le in the wr ing de^e 
clock, but several lost cycles in the reading clock. 

m rr«l an UnbtoCked read - reqU6St 15 ' eit aC,ive after 3 failed read - which is often the case - T "'s means that the 
corresponding wnfng dev.ee .s blocked from the moment of the active strobe 'str' signal, until :he reading device tries 
new read For an unblocked read, because the request does not remain active with a failed -ead an unblocked- 
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unblocked communication rarely synchronizes. The unblocked read, therefore, has little or no use. unless both systems 
are unblocked In that case the addition of a non-primitive buffer process, with internal memory, and blocked I/O is 
preferable lo remove the synchronization problems. 

IPC Implementation Issues . 

There are two distinct way of implementing an IPC specification as described above: 

1. If the specification of each process and all IPC communications is converted into an executable vers.on on a 
computer or network of computers, it is called a simulation implementation. 

2. If the specification of each process and all IPC communications is convened into specific hardware or embedded 
executaDle software, it is called silicon implementation. 

Any process can be implemented in a processor More than one process can be implemented into a sinole proc- 
essor. To indicate which process is to be implemented on which processor processes are assigned to processors 
Process assignment can be manual or automatic. To indicate which type of processors and how many are needed in 
a system implementation, processor allocation is used. Processor allocation can be a manual action or an automatic 
action. Implementing a process into a processor can be a manual action or a compiler action. 

The idea behind the implementation strategy for IPC systems is not to build a new compiler, but combine as many 
ex.st.ng compilers as required, and interface sub-systems via a generic protocol. This princiole is called "host compiler 
encapsulation u The architecture of a design environment to support this methodology is shown in Fiqure 21 for a CAD 
system. 

Design in the system starts with specification as indicated in a specification and validation block 600 Specification 
and validation of the design involves specifying the device system functions and verifying them The device system 
functions are partitioned into a plurality of sub-systems which will be termed processes for the purposes of this de- 
scription. Also : the system functions are partitioned into interconnect activity information (process toooiogy) The par- 
titioning is represented in the partitioning and refinement block 602 in Figure 21 . 

In that the specifications generally contain real-time constraints, the constraints are translated into external input 
output (I/O, constraints for the various sub-systems. The external I/O constraints are represented in the external I/O 
^0 constraints block 604. 

r v/un Ch ? ^ sub * systems or Presses is implemented in the most suited description language such as assembly, 
C. VHDL naroware descriptions. Silage descriptions or other appropriate languages. These descriptions are repre- 
sented .n the Silage description block 606 for data flow oriented algorithms, in the VHDL descriptions block 608 for 
^ hardware Descriptions and in the ASM and C descriptions block 610 for assembly and C description of control flow 
oriented algorithms. The individual processes are then assigned to processors (the processors being hardware bfocks 
that execute one or more process). 

_ Where more than one process is assigned to a single processor the processes are merged into a sinole description 
i he processes can be executed by one processor using task switching, interrupt handlers and other methods known 
in the art for multi-tasking. The merger of operations are shown in the merger blocks 612. 614. 616 

For each language in the definition (Silage, C, VHDL. Assembly) a simulator is provided. The simulators are de- 
picted in the block 618, 620. and 622. The individual processes can be simulated separately ,n the varied simulators 
but also can be simulated in context with the other processes by communication between the simulators using the IPC 
communication protocol defined above. 

Once the processes are simulated, the processes can be implemented using compilers 624 626 628 as depicted 
m F ig ure 21. In the preseni embodiment, the Cathedral compilers 624 is used for the Silage descriptions the ARMCC 
compter 626 is used for C and the Synopsys (VHDL) compiler 626 is used for VHDL descriptions. For the assembler, 
the ARMASM assembler 625 is used. An interface compiler 630 is used for IPC interlaces in the implemented proc- 
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The above-described steos define a set of processors (hardware logic with the possibility of embedded software 
are prov.ded). The processors can be connected to using the IPC interfaces which are implemented in the processes 
In this embodiment, the various processors need not have a separate IPC interface in that the IPC communication 
protocol is .mplemented within the processors. The processors are shown in the hardware/firmware block 632 the 
hardware block 634. the ARM hardware. ARM software block 636 and the interface software and hardware block 53* 
The processors are connected via a linker 640 (analogous to a software linker). 

602 ,nter P rocessor interconnectivity (process topology) results from the original partitioning in the definition block 
The resulting processors comprise a net list that can be converted into a hardware layout using conventional CAD 
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im„i? ?° ^ t! ^ tfanS ' 0rm Pr0CeSS descri P |ions int0 executable code for simulation, or into silicon circuits for 
mplemen, atI on. There is no inherent difference between the two implementation methods, only a dist.nc. processor 
targe,, m th,s application, the implementation methods are described separately. For simulation, the target may be a 
host computer with a multi-process or multi-tasking operating system, or a network of such computers. For implemen- 
tation as an integrated circuit, the target may be dedicated silicon or embedded cores or a mixture of both 

Nowhere .n the IPC design method, be it for simulation or for implementation, is code or hardware generated bv 
means other than library inclusion or host compilers. Consequently no part of the system function is described or 
specified outs.de the encapsulated host languages or their corresponding compiler directives. The soolled coordi- 
nation language to encapsulate the sub-systems is strictly a static interconnection pattern using oassive signal lines 
The topology is at all times fixed. 

IPC Simulation 

This section describes a C simulation implementation of the blocked and unblocked input and output IPC ports 
sui ed for implementation on a UNIX computer. These descriptions are described as an IPC I/O library, and can be 
included and called as I/O functions in any C program. This implementation serves as the simulation environment. 

C Programs and IPC . 

For a C implementation under UNI X, four I/O functions, called BW() (for blocked write). UBR() (for unblocked read) 
UBW() (for unblocked write) and BRQ (for blocked read), have been developed executing the generic IPC protocol 
using shared memory variables For each communication channel, a structure, as illustrated in Figure 15, is allocated 
m shared memory, consisting of a data field, a Boolean field to carry the 'str' signal and a Boolean field to carry the 
ack signal. This channel model contains memory, while the actual channels are conceptually memoryless The memory 
is purely an implementation aid The data field is randomized after each acknowledge. As depicted in Figure 15 two 
devices or processors P1 , P2 communicate with the IPC protocol 370 via IPC interfaces 372 374 (See Figure 15a) 
Figure 15b shows additional details of this protocol depicting the data, signal lines 376 the strobe 'str' signal line 378 
and the acknowledge 'ack' signal line 380. The memory allocation in shared memory is depicted in Figure 15c as 
described above consisting of a data field 382. a strobe Boolean field 384 and a acknowledge Boolean field 386 The 
essence of the C-code implementing this structure is shown below 



^include "ipcio.h" 



void BW(ch, data) 
roporc ch,- 
double data; 



while !ch->ack 
ch->daca = da: a 



= = l) 



so 
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ch- > cntl = l; 

while (ch- >ack == 0) ; 

ch->cnci = 0; 

ch->data = (float) drand48{); 



int UBR(ch, data) 
IOFort ch; 
double *data; 

( 

ch->ack = 0; 

if (ch- >cncl == l) { 

*data = ch->data; 

ch->ack = 1; 

while (ch->cntl == 1) ; 

return 0 ; 
} else { 

return -l; 

\ 

} 



int UBW{ch, data) 
IOPort ch; 
double data; 

{ 

if (ch- >ack ==0) { 
ch->data = data; 
ch->cnci = l; 
while (ch->ack = = 0) ; 
ch->cnti = 0; 

ch->data = 'float) drand48() 
return 0; 
} else { 

re rum -I; 



void BR { ch, data) 
IOPort ch; 
double + data,- 

{ 

ch- >ack = 0 ; 

while (ch->cntl == 0); 

♦data = ch->data; 

c'n->ack = l ; 

while (ch- >cn ti == 1) ; 

} 
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Silage Desrrinrions and IPC . 

d oes S JnM^ 3 Synch / onous data flow 'anauage. used to specify dataflow processes on a high abstraction level It 
does not feature .nput and output operations, only input and output arguments of function calls 

ecutabTe TofLfTT ^° " 3 T 9 ^ COd6 SimU,at ° r th3t C ° nVenS the Silage d£taflow Option into an ex- 
mul folp« 9 < , 96 S ' mU,a,0r S2C h3S bSen UP9raded in acc ° fc *nce "Mi the present invention to support 

^"".t 1 'r^ 1 " 9 '° ' PC pr0,OC0 '- ThiS a, ' OWS f ° f Simula,ion of both -anifes. and non-manTest 
N?l ri rr n T I e abOVS C im P lementa,ions M UNIX ha ve been integrated in the S2C code generator 

comoiLf rf T, ! ° Si ' age ' an9Ua9e Synt3X ° r SerT,antics ° n| y the implementation of the I/O in the 

complied c-code is provided. 

iteration omkT '"TT^ °' U ° S,lage * 33 fo "° WS: a S,lage process runs °" a "ame clock, and in each 
wr me s,m ,J '"""V'"* f inpu,s are read simultaneously, all operations are executed in zero time, all outputs are 
written simultaneously, and finally the frame clock is updated by updating all delay lines 

cvci ( i n ^H rad ' , ' 0nal appr0aChes ' Si,a 9 e 1/0 was considered unconditional and blocked: every input must be read every 
2^ BVery ° U,pUt musI be written ever V c yc'e. Such traditional approach is called SDF (Static Data Flow, Many 

Sr^l ! TT°? SDF meth0dS ° n ' y N ° n - SDF ( ° r DDR DynarT1ic Data Fl0W > ^ as Peos tradi 

versS St n ° 31,396 pr0C6SS - WhiCh °' ten 9iveS fiSe to interface overhead - Therefore Ihe IPC- 

version of Silage also allows unblocked I/O, and conditional or guarded I/O 

re JlL f » d at,emp ' ° f f" unb,ocked Silage input fails, the return value is undefined. It is assumed that the previously 
InJ wH k ■ I , ^ ,aHS Theref0fe: the UnblOCked IPC directive P rovides apecflcaticn of an IPC fair 
« Z fuT, u V T, S ,' 9na ' dSfined inSide the ' FC pr0CSSS and 0f the ty P e of ,he associated input. In other words 

a^ * lue fulhlf , ? "I 3 ''" V3lUe °' PrSVi0US ' rame iS retUrned Th ° fail Signal is also assi 9- d an -it, ai : 
ization value, such that a fail value is provided if the very first read operation fails 

the mJ^Pr W ° rdS ' * °' ° U ' PUt °' the main IPC Drccess ' » ma V n °< "e a signal outside 

ZZTZl k ST 6 !f ' 3 11 mUSt h3Ve 3 d6lay initialization value in case first frame read operation fails Th,s fail 

the Un, ? 35 ° ther Si9nal ' n ° ther WOfdS ' 3 fai ' in9 Unbl0Cked read ma V retum zera ' any other constant 
he previous value, or any other signal An additional advantage is that the code or hardware to compute or generate 
fan value is present ,n the Silage description, and therefore synthesized along with all the other functionality, 
i-or an unblocked Silage output, the written data is lost if not accepted by the reading device 
SiipnTinl , 9Uard '! 3 B0 °' ean Si9na1, that can be used t0 contral Ihe l/0 < both f0f ^ding and writing. For a guarded 
Sme i 3 T a l S T 6d Perf ° rmed if the preVi0US read haS been finished < but th3 'ack' remains low until a 
limn -!n k * Z , responding guard being 'true.' Only then ,s the read operation finished so a new 

fsSnl h SXe T ' n 3 PartiCU ' ar fr3me ' 3 read iS att9mptSd ' bUt the ' aCk ' s '9 nal for one of the Previous frames 
blorkJd p beCaUSe \ h ! 9Uard is not V et ' true ' !he attempt is discarded. Dunng this period, the writing device remains 
pH l,,h k 3 9 96 ° UtpU ' 11 iS aSSUmed that a write is alwa y s a"empted, but the strobe is logically AND- 

with the current guard value, i.e., the write is not validated to the outside world if the current guard value is false ' 

«atir ' n 9enefa1, d6PICtS 3n eXample 0( 3 3irr, P lified functionality of the PMCM TRANSMITTER CHAIN usino 

static data flow processes connected using I/O guards Figure 16 depicts three silage processes As explained above" 
hS „, 63 afe conventional| y a static data flow process. By adding a condition (called guard) at the input, if one 
o.ock of process produces an output that is an input to anolher process, nonstatic data flow behavior is obtained by 
use on ^e guard. As depicted in Figure 16 three silage processes 800. 802. 804 have three different input clocks S05 

IZI^'J S " aQe Pf0CeSS 800 ' S deplCted as a 5Ia,lc mon °- r ate process. The silage process 502 is deoic-ed as a 
static multi-rate process having a static-rate output and the silage process 310 is depicted as a dynamic orocess The 
PC communication protocol between the silage process 300 and the silage process S02 is an unguarded blocked 
-edd Tne communication between the silage process S02 and the dynamic silage process 304 , s a guarded blocked 
iead communcation. The circuitry within the static mutli-rate process 502 is a parallel to seriai ccnversron circuit with 
me oiocKs o09 being delay blocks. 

lir* tl Ua rt iS , pr ° vided by lhe a y namic P^cess 304. The guard is provided by the frame signal on the frame signal 
n^r, -lo S ' 9nal 13 8 8001630 s '9 nal that on| y Prides an acknowledge ,n the IPC protocol between the 

process a02 and the process 304 every h cycles of the clock 310. As depicted \r. the Silage orccess =04 the fame 
nff ' S9enerated b y ^ Cerement and compare circuitry 313. More specifically, the value h-i ,s maintained on an 
input di5 to the compare 317 and an initial value of zero selected by the multiplexer 319 and sent througn the delay 
fnnr^ r £ men,ed ^ ^ inC ' ement func,ion 523 wilh each cycle of the clock S 1 0 Once the value from the increment 
' " ° '°J 23 Propagates through the multiplexer 3i9 and the delay block 321 and equals the inou; Sis to the compare 
o ock ai 7. the frame signal 312 becomes true providing the frame signal which acknowledges the Silage process 302 
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As further depicted in the process block 304 ihe read value on the input line 825 is only selected to the output Si 4 via 
ihn mulhplexer 327 with each frame signal 31 2 Between frame signals, the output 814 remains held via the delay 
block S29 cycled through the multiplexer 327 to hold the output S14 stable for h cycles of the clock. 

Accordingly, an acknowledge signal 'ack' is only provided to the silage processor 302 once every h cycles of the 
clock for the silage process 304. For the reading processor 804 ; this means that the read is essentially repeated h 
times on the output line Si 4. In other words, the silage processor 304 acts as a hold processor to hold the previous 
read data through h clock cycles. 

There is a built-in guard called I NIT which is global for the whole Silage process, and is only true at frame zero 
(the initialize frame). This allows initialization of a signal via an IPC channel. This guard allows a blocked read to occur 
at start-up. For instance, in a loop of interconnected processes, where each process is blocked, no I/O will occur. The 
INIT guard would be used to allow one of the processes to start I/O. 

The effect of an IPC system is that the corresponding I/O code in the generated C-code is one of the four I/O 
routines described above. In sum : the only change to the silage descriptions is the addition of the IPC 1,0 protocol 
which rtliows silage descriptions to operate non-SDF processes. The IPC protocol implemented in the silage descrip- 
tions tncrdofo should greatly simplify interface design at the system level. 

Signal types can be used freely in Silage code. Therefore, a good communication protocol should not require a 
desipnc 10 crnngc ihe output type of one process description to match the input type ot another process description. 
Thts woj£ vicLiic the modularity principle of defining IPC. Therefore. IPC allows connection of any I/O signai type to 
any o:ncf -inc Sii^gc types to C types, and so on. This is done by using a fixed, generic signal type in all channels. 
All SiUuo vmuLition executables cast their outputs automatically to this generic type before writing to a channel, and 
allinpui-j m^liiiuU to have this type, and are cast automatically to the user-specified type before use, In C programs, 
the despot win Crtll a library of type conversion functions. A fully parameterized hardware implementation library for 
these \yoc cut functions is also possible. 

An iiiuctMiion of connections between descriptions having different output and input types for both simulated and 
hardware imp! ;mcntcd IPC is shown in Figure 1 7. More particularly as depicted in Figure 1 7. throe process descriptions 
are illustrated A first silage description 850, a second silage description 360 and C-process 370. As depicted in Figure 
17, the first siiigc description 850 has its I/O defined as an output with 4 bits of which three follow the decimal point. 
This is ccs»on*ied by the fix <4,3> designation. For simulation, a first simulation channel 852 is defined having 30 bits, 
with 40 nnf-xo tno decimal point and 40 after the decimal point. The decimal in the communication channel S52 was 
represenied by the carkened black line 854. A similar communication channel 856 is defined in the same manner with 
its decimal point represented by the dark black line 858. 

The second silage description has its input defined as a 5 bit input with 3 bits following the decimal point as rep- 
resented by the fix <5.3> and has its output defined as a 5 bit output with one bit after the decimal point as represented 
by the fix <5 1> designation in the second silage description 860. Accordingly for communication between the first 
silage descnpiior £50 and the second silage description 860 ; there is a difference between the output type of the first 
description 850 rt nd the input type of the second description 360. In order to provide a channel which handles the 
various input and output types, the most significant bits are extended with a sign bit. represented by the 's' blocks in 
the channel 552 the least significant bits can be extended with zeros if further resolution bits are lacking. Accordingly 
for communication between the silage description 850 and the second silage description 860, because the most sig- 
nificant bit for the second silage description input requires two bits before the decimal point, the most significant bit is 
extended by the sign bit 862. For hardware implementation of the channel, the shading 864 represents the total number 
of bits which would be implemented. For simulation, 40 bits prior to the decimal point and 40 bits subsequent to the 
decimal point are provided in the present embodiment. In theory for simulation of process descriptions, the simulation 
can assume inhnite resolution. It more than 40 bits of resolution are required, more bits can be addea in the simulation 
code 

Similar principles hold true for the channel interfacing the second silage description 660 output and the C-process 
370 inputs. As seen in Figure 17. the C-process 870 is defined to nave an input of 32 bits ahead of the decimal point 
355. Yet, the second silage description 860 has an output type of 5 bits with one bit after the decimal point 655. Ac- 
cordingly, in oidei to extend the most significant bits, sign bits of the channel 356 are used to provide the additional 
bits necessary to provide the input to the C-process 870. 

In the transfer between the second silage description 860 and the C-process 870, the least significant bit from the 
second silage process 360 is lost in the transfer. As with the communication channel 852. the gray shaded area 372 
is the number of bits implemented if hardware implementation such as in silicon, is realized: whereas a simulation 
assumes infinite bits, but is defined to have 30 bits in the embodiment in Figure 17. Accordingly Figure 17 shows a 
definition of a generic channel type (channels 852, 856) two interconnect descriptions having differing input and output 
types. 
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VHDL Descriptions and IPC . 

Any VHDL simulator featuring a C-language interface can be encapsulated to behave like an ipr Df0ce « h „ 

^r« f ° Ur lPC ' /0 fUnCti0nS " US ' ng the C-P.ementa^ 

The resulting VHDL simulator behaves as a separate IPC process and can be included in IPC simulations. 

ARM Microc ontroller Programs and IPC 

can lT^l^ CrOCOntr ° lierC ° (e be ° Sed 10 fUn 6mbedded C pr °9 rams - ln a system context, such a C program 
can be simulated in a system context on two different abstraction levels: 

as any other C program on a computer, making abstraction that it will be implemented on an ARM core microproc- 

ess, ano. 

• compiled into AIF (ARM Image Format) and interpreted by the ARMulator. 

abov^FormTf ° d 15 ***** m Fi9Ure 18A - AS S6en ,P f i9Ure 18A ' 3 C - pr ° 9ram 380 runs the IPC 8im ^«on listed 
tore to 1 T, r P TZ ° the , presenI discuss.on, the C program « running on the ARM core microprocessor. There- 
r implementing IPC on the ARM processor there is no distinction from .he earlier described 

o -program. 

=Q 0 h« h S8COnd met r^. °' implementin 9 IPC is de P icled !n Fi 9ure 18B. As seen in Figure 18B a compiled C program 

IsZT* C ° mP I A ' F r ° U,ineS 392a " C Pr ° Vide IPC f ° r 1/0 Opera,,ons ln addit ™- ^e ARMulator (which 

s itself a C-program) has been upgraded to allow C programs 394a, 894b which contain IPC calls to be simulated on 

M^r^TT: 35 th6y W6re re9Ular C Pr ° 9ramS - " iS - h ° WeVer! inter P fe '^ AIF assembly code that is executing 
25 conlext c ^^ands for the ARM remain available, and the user application program executes in an IPC 

bu« T . he m A a RM prccesso ^ has onl V one *ta bus. so all conceptual channels are time-multiplexed over this bidirectional 
so eci tTRM° ry " maPP ,6ChniqUe IS USSd '° implemen ' ,hiS ' The 1/0 ^cementations thus read and write into 

2 >7nu I mem0fy ° nS - ThS mem0ry m ° del inside the ARMulator . which is access,ble to the user, is modified 

30 host cc^oZT' T Pe r 1° °! ,FC "° M ° nS 0rder l ° a "° W f °' IPC communications directly on the 

host computer f,| 6 system. Th,s allows s.mu.ation of the AIF code in the ARMulator ,n a multi-process context For each 

hosnmc , 30 , nCli0n iS Ca " ed UP ° a the memory model of the AHMulator opens an IPC channel on the 
as hi LT TV 60 n rea , d r S ° f Writ6S '° 11 accordin 9'y- Files ,hat are not declared as IPC channels are still treated 
as host files. This allows use of files to store intermediate output in files for debugging. 

55 A Library of Test-bench Processes . 

nr J,? t0 SUPP ° rt IPC simulations * an library of auxiliary processes has been set uo. This library contains 
S k f, CC8SS filSS - r9PfeSent ^ 9 ra P hical| y- introduce functi °"a' clocks, build user control panels and 
M> w ,! 6 S ' mU 'f t,0n mdSr USef COntr °'- The y are 3,1 written in C ' and th ey are not meant to be synthesized 

,17™!? S ' mU at ' 0n SUPPOrt ' F ° r SOme ' SUCh aS dup m6r 9 e ' adc and dac ' ar ' appropriate low-level library 
mplementation ,s ava.lable. e.g.. in VHDL or layout view Users should be allowed to add processes to this library, as 
longjis the processes conform to the IPC process definition, 
i he following list is indicative, and not exhaustive. 

45 PROSE PROCFSR 

Any channel can be probed at any time using the probe process. When this orocess is executed on a channel of 
a system. ,t continuously monitors the 'data.' 'sir' and 'ack' values. This process does not slow down the comolete 
system more than any other process. This process can be terminated at any time. This process does not affect any of 
T. ^ ChanneL H ° WeVer by preSsing CTR MC), an interactive mode ,s activated which allows the user to 
■oggie the str and the 'ack' signals, and to set data values. This is useful to repair a blocked channel for debugging. 

INTERACTIVE AMD FILE I/O PROCESSES 

The processes -fin" and "tout" connect a data file with an IPC connection. The processes "c-ii" and "pio" do th« 
s c me. but are interactive: ;hey provide a control panel for user control over the 'sir' and 'ack' sicnals. 



50 



BNSOOCID: <EP 07575A4A2 p 



40 



EP 0 767 544 A2 

INTERACTIVE GRAPHICAL OUTPUT PROCESSES. 
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The process "plot" provides continuous graphical output for up to 3 simultaneous channels. It scales the Y-axis 
automatically. On the X-axis, time evolves automatically, and is either scaled or scrolled automatically. 

PUP AND MERGE PROCFftSFs; 

All channels are unidirectional point-to-point connections. In order to send data from one writing device to more 
than one^ reading device (broadcasting), the "dup" process is defined. 

The "dup" process reads one message, and broadcasts it to as many output channels as indicated in the argument 
list. To avoid deadlocks, the incoming message is broadcasted in the order of the argument list, but the 'ack' signals 
can return in any order. The next input is requested only when all acknowledges have been received. 

For the case where more than one process writes to the same input channel, a "merge' process is defined which 
continuously polls its mouts in a fixed sequence, and as soon as a 'sir* goes 'high ' the merge process reads the data 
and writes it to the output channel. 

SPECTRUM ANALYZER PROCESS . 

A "spectrum analyzer process" provides a FFT to simulate a spectrum analyzer (for each set of inputs, this process 
compules an FFT and immediately updates the graphical display). 

SLIDER AND BUTTON PROCESSES . 

The "slider" and "button" processes are used to construct user control panels. Each slider and button is modelled 
as a separate user process, that follow the same rules as all the other processes. The slider output can be blocked or 
unblocked. 

Complex Channels: FIFO PROCESS 

A FIFO is a parametrizable complex channel, (i.e.. it is a model for a memory channel with a specific internal 
behavior). A FIFO is not a built-in primitive of the process model. In the present embodiment, the designer can edit the 
FIFO code (C or VHDL) to change the behavior or to add specific control. 

Example: The speech^code memory in a digital telephone answering machine is a specialized FIFO with additional 
control: through the user interlace process, the user can exolicitly block and release the FIFO input and output The 
REPLAY command releases the FIFO; the RECORD command releases the input into the FIFO. The FIFO reports its 
status to the user interface, such as FULL (which ends the recording by blocking the input), and EMPTY (which ends 
the PLAY by blocking the output) . 

The C model of the Fl FO is an infinite loop, that performs an unblocked read and an unblocked write every iteration 
In other words, it serializes the concurrent input, store/load and output threads by attempting to read and write sequen- 
tially, once per frame. This only works without checking the control signals when it runs very fast /with a high priority) 
In practice this is not guaranteed. Therefore, the 'str' and 'ack' signals are explicitly checked to maintain I/O and FIFO 
integrity 

ADC and DAC PROCESSFS 

The processes so far described have been referenced without a clock input, since they are all on the functional 
level. A clock is an implementation issue. However real-time systems also have at least one functional clock A clock 
signal can be computed by a process, and can be used to ciose a PLL loop, for instance. Functional clocks are intro- 
duced into a system in accordance with the present invention by using an ADC or a DAC process, which both have a 
functional clock input, i he assumption is that the "analog" input data of an ADC are sampled at least the clock rate 
which is also the implementation clock rate of the clock generator. This is illustrated in Figure 1 9. The "analog" output 
of the DAC is interpreted in the same way. The DAC produces a staircase function, which corresponds to a 0-th order 
interpolation to the reference clock rate. It should be noted that no actual conversion from analog-to-digital domain is 
provided. The illustration in Figure 19 is a way to simulate the impact of the conversion process, while maintainino 
process control in the digital domain. y 

More particularly as depicted in Figure 19, a sine wave input 900 which comprises a discrete sine wave with a 
very hign sample rate is collected as ADC data 902 (data representing the analog sine wave) The input signal can be 
down-convened depending upon the phase increment of the numerically controlled oscillator 904 of the ADC 906 As 
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mnsm, s ,^ „, „ - 80 mx,e ' 940 * P™*»ii M m« bottom ol He Boors As L ih. 

gain can be provided bv 

channel ^ ^ o'^soi i^aoLauT ^ " ana '° 9 " "*° ^ ^ ^ 3 model ,or the 

process , wn^ ™T 9 tranSmissron down-conversion is provided in the »analog"-to-digital conversion 

P ols ~ " PfeSem emb ° diment > 952 other words - "analog.-to-digita, conve on 

proce.. ^ models a analog to digital converter without synchronization inversion 

As expired .oovc ^oe understoS Zf 5? 2? ' ' d0Ck ^ and * hS rSCeiVer ^ da,a 964 - 

analog channel understood that this data remains ,n the digital domain, but simulates or models the 
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Cathedral-Ill IrnplcmQn^Wnn 0 f IPC. 



oo.p Ut r^ir ^ rcSsr worid ,hat ,nput da,a are needed ,n the - «^ 

9en^4 C XttS^o^L rUn , " me SSme maS,9r C '° Ck (Wh ' Ch " ° f,en ^ CaSe) 3 S -P" f — * °< the 
Lger ne^ner;p P C^ P u^ a ,^r- ^ * »» s,gna, irans.cns ,s no 

and whe!heTo C r nonlh-t °J '^ tertaces ^ °r not a transfer can occur (strobe,, should occur (guard) 

« Ihe oo Z by h e ^TsZTZ * ^ Pr ° CeSS ° rS TOy b, ° Cked from Ihe in P u < **' 

used in ol conS " ^ *" ^ ^"^ °" * P — ™ 

™r£Xl^ T^' SimP ' ifiCa,i ° n tof Ca,h « , « W " P~ »" « »• 

need no longer P ecede the siiT rh TT °" nSin9 ^ °' 3 C ° mm ° n Cl ° Ck ' n lhis SSnss < the data 
particular momcn !p!h 0 iSi A, indicatSS valid data in a P a ^^' a ^ clock cycle, and no. at a 

data iave a , w X Accord.ngiy, the str and ack arc decoupled. The ack md.cates only whether the 

Z s7Z£ " 3 Par,iCU ' ar Cl0Ck n °' m ° men ' ' he Wrilln9 deviC6S Can release ^ a "d 

mod^a! Zl a S^L^'T "Z 01 " 9 ^ """"^ betW " n PrCCSSSOrS °' herWiSS the d6S 'S n is ~ ^nger 
d i irom a soecmcation or an implementation point of view y 

■ a processor ,s blocked from its input, because i, requires data on a particular port, and the strobe signal is low. 
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the processor should block successor processors some time later. In order to avoid an asynchronous ripple path, of 
which the length depends on the numoer of successor processors, blocking takes a full clock cycle of the common 
clock. The same hoids for output biocking: if a processor blocks output because the output data have not been ac- 
knowledged, that processor blocks its predecessor processor in the next clock cycle 

The net effect is a pipeline of processors that run at maximum speed when no processor stalls. The transfer from 
one processor to the next takes a clock cycle, but this is pipelined. If one processor stalls, the stalling prooagates 
through the chain (backwards or forwards), one processor per clock cycle. Only one intermediate storage buffer is 
needed to temporarily store the pipeline intermediate results. This is because it takes exactly one cycle'to stop the 
preceding processor so the blocking processor's results should be stored in order to prevent loss of data. 

The input and output circuits (both blocked and unblocked) : implementing this functionality are available as a library 
of VHDL IPC modules. Both rising and falling edges of the common clock have- been used to implement the signal 
transitions in the IPC modules. The input and output circuits are depicted in Figures 22-25 for each of the four I/O 
protocols. The architecture of Figures 22-25 correspond to the general IPC communication buffer architecture depicted 
in Figure 4 and explained above. Further detail of the interface architecture is provided in Figures 22-25 for IPC im- 
75 plementation for common-clock Cathedral-Ill processors. 

An input block 1000 converts IPC signals (dataj. strj and ackj) into Cathedral-Ill input port signals (data, rd). 
The Cathedral-Ill input port signals are well understood in the an. The input port signal "rd" 1002 goes high one clock 
cycie before the CatnedraMII processor needs data on the "data" lines 1004. 

The input block 1000 also has a data register 1006 for the data lines 100S. Normally, the input data transmits 
20 directly through the input data buffer 1005. However, if the processor 1010 cannot accept the data, the data buffer 
1005 stores the data until the processor is ready to accept the data. 

An output block 1020 converts Cathedral-Ill output port signals (data, wr) into IPC communication signals (data_o. 
su_o and ack_o). The remaining logic in the input block 1000 and output block 1020 control the receive and transmit 
signals lor the IPC communications and the enable reset and disable signals of a synchronization circuit 1030. 
^ The synchronization circuit 1030 generates the clock for the Cathedral-Ill processor using 'phi 1 as the input refer- 

ence clock. If the Cathedral-Ill processor is ready for input data, but no input data is provided, the input clock to the 
Cathedral-Ill processor is halted until data becomes available for the Cathedrat-lll processor. If the Cathedral-Ill proc- 
essor 1010 is ready to write output data, but the output data are not accepted, the clock to the processor 1010 is 
stopped by the synchronization block 1030 until room is available in the accepting device buffer. 
30 A reset rsf is provided for the IPC circuits 1000, 1020 and 130, and the Cathedral-Ill 1010. This is important in 

that the input and output blocks and the processor have internal states which are resettable. The input clock (phi) is a 
double clock. As seen in the Figures 22-25, some of the registers and devices are clocked by phi and others by phi_bar. 

A register 1032. which provides a register of the input of the processor reset 1011 for the processor 1010. is only 
necessary if the processor 1010 has no imbedded register at its reset input 1011. In addition, if the processor 1010 
35 has input registers for numerous inputs, the multiplexer 1007 may be provided to select input from the delayed input 
data or the data directly on the input lines 1 00S. The data is thereby automatically preserved in the processor registers 
during non-read cycles until the next read. This prevents latency. 

Figure 23 depicts a blocked-write, unblocked-read IPC implementation for common-clock Cathedral-Ill. The 
blocked-read input block 1 000a is the same as the blocked-read input block 1000 in Figure 22. However, the unblocked- 
write output block 1020a differs. Because it is an unblocked-write. the output block 1020a has no disabling circuitry to 
disable the processor. Accordingly, the unblocked-write output block 1020a does not have the gate 1034 to provide 
the "bis" signal to the synchronization block 1030. 

Figure 24 depicts an unblocked-write, blocked-read IPC implementation for common-clock Cathedral-Ill. Figure 
2^ is very similar to Figures 22 and 23: however, the input block 1000b provides an unblocked-read IPC communication. 
*s Therefore, no disable circuitry is provided for the input block 1000b to disable the processor 1010b via the synchroni- 
zation circuit 1030b Figure 25 depicts an unblocked-write. unblocked-read IPC implementation for common-clock 
Cathedral-Ill architecture. For Figure 25, no disable circuitry is provided for either the input or output blocks 1000c. 
1020c because both operations are unblocked. Accordingly, no disabling circuitry is provided and the only reset to the 
synchronization block 1030c is an external reset which propagates thiough the synchronization block 1030c 

50 

ARM Implementation and IPC . 

The ARM can be used to run embedded assembly programs. C programs and Silage descriptions. S2C can be 
used to generate C-code from a Silage specification, and that C-code can be compiled on the ARM processor. 
55 The interface between a Cathedral-Ill processor and an ARM consists of 2 parts: 

♦ interface hardware to convert the physical I/O protocol of the ARM to the generic IPC protocol signals (cata strobe 
and ack): and 
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• software drivers for the interface hardware, that can be linked with any C program. 

ARM I/O nm/orc 

Next follows a possible implementation of the "ipcio.h" include file. 



JS 



^define ARMWORD int 



_vaj.ue_in_regs extern void BR (ARMWORD, ARMWORD 
20 — vaxue_m_regs extern intUBR (ARMWORD , ARMWORD 



) 



extern void 3W (ARMWORD, ARMWORD 
extern incUBW (ARMWORD, ARMWORD )• 

*) 
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bus. T^ZZrZnT^lZ > S ' T" C ° nCePtUal Channe ' S t™™***** over the bidirecona. 
O is a mo" fl „«| TLX T k ' th,S: memor V ma PP^ "O and coprocessor I/O. Memory-mapped 1/ 

used o^the S M or^Sl? ^ detaHS "* ' h6 f °"° Win 9 text Me-ory^ao P ed f/O is 

f ac e a cated Cathedrai - 1 " interiace is used for the ^s^- 1 " ™ — 

ItlT 53 ^!?^ 3 '° mU " ipleX and demulti P' e * various IPC channeis over the ARM bus 
read/write data direction detection 

concatenation of 32-bit words into longer I/O signals 

input and output registers to temporarily buffer the I/O signals 

synchromzation of the physical ARM protocol to the physical Cathedral-Ill protocol 

aecodmg of the blocked/unblocked parameter bit 

status return for unblocked I/O via the ABORT pin of the ARM 

be bolh^^^^'^r- T ,S " di " erSnCe b6tWeen 5 b ' 0Cked 3nd an Unb,0cked P° rt - A P°« -uld 
a btocked^.T^^^fTJ ° n Tn^ 6 ° f ' nStrUCti ° n " Sen ' Readin ' 3 frOT address °* 000 ™*» 
a. M 1 0 and^o^^^ mSanS 3 Unb ' 0Cked fead ^ ° IPC *" rt ~ ' 00kS 

>h* kZ'ITJT SimUla " Cn ' execu,ion °< the low -'evel ASM code for I/O is desired, but a non-.nterfering correction to 
ASM Tnl 9 7? 6m ? d ° CO - 3imul3ti - is desired. Therefore the memo./ C-mode, is adapSd^SSU? 

(0^^^^^ - - UP a «. ^ the keys to port numbers 
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key 


port 


addresses 


keyl 


0 


6000/6400 


key2 


1 


6004/6404 


key3 


2 


6009/6405 



ensues ZlT 6 aSS ' 9ned ^ ° rder °' the ' nCOm,n9 keyS i GetBI ° P °'«> "Us;. Ports are not closed f the des;cnPr 
ensu. es that the keys are valid ports, Get3IOPort() simply passes the key to the port. 9 
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In each memory cycle, the address is decoded and if the address is an I/O address, a host IPC I/O command is 
executed along with the memory access 

Note also that for host connections, the memory interface can cynamically allocate new host ports as they are 
needed. 

The ASM implementation for minimal functionality is shown below. 



; ; ; ARM i i o r a ry for zhe IMEC B/UB proceeds 

10 ; ; ; 
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3W {WORD port, WORD daca) 



pore 
data 



al 
a2 



base address a3 



W 



Assume i9000-i93FC co be 2S6 blocked channels { 3. channel , , . , . 

and the range M400-M4FC to be unblocked channel ° M ™* °* 4 byte3J 

The 2 LSB bits are not used (internal 4 -bytes- in- 1 - word ■ i 

so chese channel, co.ple.ei, occupy c,e ^^Z^^oo-un 



IS 



20 



AREA Channels. DATA 
;;; reserve 2 tables of 2S6 channels (blocked and unblocked) 

: ; ; B_I0_3ASE '46000 

:;; U3_rp_3ASE *3_I0_3ASE - i 4 00 

& S 0 0 o 

I0_3ASS * isi 2 

3_IO_3ASE EQU I0_3ASE 
,J3 _ :o _3ASE EQU 3_I0 3ASE ♦ £400 



AREA Get3I0Pcrt O , 
EXPORT SW 



CODE , READONLY 



Cet3I0?ort 

;;; Simply pass argument al back as return value in al 
MOV pc ( lr ; return 



AREA 3W(W) 
EXPORT 3W 



:0CE, READONLY 



MOV a3 , ?*B_:0 - 9AS5 
3TR a2, (ai ( al, LSL *2J 
MOV pc . lr 



lead the I/O base address 

interface hardware responsible for block mo hers 
return 



LTBW 



AREA r J3W(), CODE , READCNL: 
EXPORT LTBW 



MCV a3 , So3_IO_3AoE 
MOV a4 , * l 

5TR a 2 , Ea3 , al , LS« it: 
MOV al. a4 
MOV pc, lr 



lead the I/O base address 

default return successful status re3ult 

interface hardware responsible for blccki 

return value 

return 



'9/ he re '. 



: 3R(WCRD port, WORD- data) 

.' a 1 pc r t 

.' &2 pointer to data 

•" si temp register 
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AREA BR ( 5 . CODE. READONLY 
EXPORT 3R 



MOV a3, 4B_I0_BASE 
LDR a3. [a3,al,LSl #2] 
5TR a3, (a2. s* 0 ] 
MOV pc. Ir 



load the I/O base address 

interface hardware responsible fcr blocking here : 
annotate result in C-variabie via pointer in a2 
return 



10 



AREA UBR '. ) , CODE . READONLY 
EXPORT UBR 



UER 



MOV a3 , *UH_IO_BASE 
MOV a4 . *1 

LDR a3 , (a3 , al , LSL *2) 
STR a3 . ta2 . itO] 
MOV al, a 4 
MOV dc. Ir 



load the I/O base address 

default return successful status result 

interface hardware responsible for data ABORT here! 

annotate result in C-variabie via pointer in a2 

return value 

return 



END 



The unblocked I/O functions return a status indicating whether or not a handshake has actually been executed 
25 during the call. 

The memory abort input pin (A30RT) of the ARM is used to signal the status from the interface. If the ABORT 
signal goes high, the ARMS processor switches to Aborl32 mode. This means changing the Current Program Status 
Register (CPSR) for the ARM and forcing the PC to fetch the next instruction from address 0x1 0 : the data abort vector. 
Since the abort always occurs during a data fetch, the abort is always a data abort, never a prefetch abort, in the data 
30 abort vector, a jump to the data abort exception handler is stored. The handler itself is located at address bcO, and is 
shown below. 



ARM IPC data abort handier 



Initio !) is the exception handler for I PC interface data aborts, 
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signaling unsuccessful unblocked i/o 



1= uses a4 as a temp register. Fill it up with default S r,r, , 

tr case of data abort, use exception handler to tlotlll !'th ^ * #1 » 

status unsuccessful 40 * 



AREA IniciOO , 
EXPORT Initio 



CODE, READONLY 



10 



15 



Initio 



MCV a4 , 440 
SUBS PC.R14.*&4 



r«-^ " i k unaucc "» status *0 in a, 

return from data abort exception handler, but do Mo- 
res ry the aborted instruction, rather skio it (the-'ore 



END 



25 



JO 



.he Jlll^^rtlrr? 6 ' PaSSeS ' StatUS '° re9iSter ^ WhiCh iS C0Pi6d 10 rS9iSter 31 ° f ,he ARM 31 the ^ Of 

C Sion 51006 ,S US6d b/ ' he ARM Pr0CedUfe Ca " Standard (APCS > t0 re,urn ,he int ^ of the 

« tteuMTuoT!!? bee ° SUCCeS3fUl,y COm P' e,ed ^ no,hin 9 else «*"»■ l"» a norma, read/write operation, 
it the unblocked I/O ,s, however unsuccessful, the IPC-interface activates an ABORT output The exception I handler 

to ZS Sta,U r by 3 ' ai ' S ' 3tUS r6St0reS ^ Pr ° 9ranl C0Unter ' At ths P~ swth 

Pcfconta ,f ? C ° Umer (PC) iS S, ° red in re9ISter 14 in ,he abort mode < Rl4 a°t). For a data abort the 

the Z n? TT r ab0r,Sd inStrUCti ° n + 3 ' ThS 6XCePti0n hand,e ' thersfore ' does not 'he PC o 

he or,g,nal nstruct.on by subtracting 9 from R14 and storing the address in the PC (SUBS R14 8 PC) as expected 

y suSr; abo r; ap h up ' buf restores the pc ,o ,he address * ,he instruction 

lint * „? ' y ei ° 9 009 instmction > from R1 4 and storing the value in the PC (SUBS R1 4 a PC ) This 
sK,psthe unblocked read which should be skipped, no. retried, on failure. This is illustrated with an unblocked read 



MOV a3. 3U3_I0_3A5S ; load the I/C base address 

MOV a4,#l , default return successful status result 

?C " 3 _> LDR a3, (aJ,ai.[.SL*21 . interface hardware responsible for data ABORT here! 

?C-4 -> 5 T* a3. fa2, ttO) . annccate result in C-variable via pointer in a2 

. re cum value 



? C MOV a 1 , a4 

MCV pc, Ir 



:curr 



IPC and I nierruot-based I/O on the ARM 

inoufb™ pr0CeSSeS ' P1 and PZ that «wnmunicai9. However. PI writes equidistant samples, while P2 requires 

A direct coupling via the generic IPC interface (blocked read, blocked write) is behaviorally correct, but PS wastes 
time waiting for input samples. 

rrJL! ^ 0 Ch f nne ' PfOCeSS ' S PrOV ' ded b6tWeen P1 and P2 ' the overa " behavior is n o. changed. The I/O timing 
P r2T* Tl ^ PS6d b6CaUSe " introduces ,wo new P rocess co ntrol threads a =IFO-write and a FIFO-read thread 
Provided he FIFO ,s sufficiently long, the FIFO-write prevents P1 from blocking or. its output. The FIFO-read orcvents 
. rrom Diock;ng on Us input. The general concept of providing the FIFO between processor Pi and processor =2 .s 
shown at the top of Figure 26 with the FIFO 700 interposed between processor P1 702 and processor P2 704 
an n do 3nd RF ° 3re lmDlemenled in hardware, and P2 is implemented in software, three orccesses Fi ?|cq 
Pi tZ C oo ™ read " y interconnected °y l? C implementations This is depictec in the illustration 705 ,n Figure 26 with 
r i /02. P2 704 and the FIFO (P3) 706 
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If the FIFO is implemented in software, one of the processors P1 or 92 can also be used to provide the FIFO. For 
instance, F2 704 could be chosen as the processor which also provides a software FIFO 706a. This is particularly 
useful if processor P2 is not utilizing all of its processing time. In such case, memory for P2 can be used for the FIFO 
706a. In such a situation, the two FIFO threads communicate via a shared memory in P2 704: P2 70^ executes the 
FIFO code. 

As the FIFO introduces two new threads, three threads execute in parallel on P2: P2, the FIFO-read and the FIFO- 
write. As the FIFO-read is "in phase" with the functional thread of P2, the FIFO read and functional thread of P2 can 
be interleaved in P2. As a separate processor P1 has its own thread 

The FIFO-write thread can be implemented as an interrupt server on the processor P2. Physically, the strobe 'sir* 
of P1 is connected to the IRQ of P2 in order to cause an interrupt for the write FIFO thread. This is further represented 
in Figure 26 by the processor configuration blocks 708 and 710 of Figure 26. 

For the simulation and the implementation of the above specification, an interrupt server should be installed from 
a C program, and to a "fast interrupt request" FIQ (e.g.. interrupt raises a signal interrupt (SIGINT) to activate the 
server. An example of such a C program, where a main program P2 reads from a software FIFO, and an interrupt 
server "irq" writes to it. is shown below. 
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# include <signal . h> 
^include <stdio.h> 

Sdefine N 10 

int f ifo [N] ; 
int rp = C ; 
inn wp = o ; 

int writeFifo (int data) 

{ 

inc full; 

full = 0; 

f ifo [wp] = data; 

wp = (wp >=(N-1) ) ?0: {wp++} ; 

return (full) ; 

} 

inc readFif c (int *data) 

{ 

int empty; 

empty = 0 ; 
♦data = fifo [rp] 
if {rp > = (N-l)) { 

rp = 0; 
} else { 

rp = rp + l; 

I 

return (empty) ; 



/ + + +* + + * + **** + + #** + # + # + + + + + + ir < 

vcid irqfinc sig) 

int data; 
char ctrl,nl; 
int full; 



signal (SIGI.VT, irq) ; /* handler is by default unloaded cn HP -/ 
ctri = getc (stdin) ; 

ormtf { "Input : "); scanf { "%d" , idata) ; 
ctrl = getc (stdin; ; 
full = writeFifo (data) ; 



/ + + + + * + 

main { ) 
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inc cycle = 0; 
int empty; 
int data; 

signal (SIGINT, irq) ; 
do { 

empty = readFif o ( &data) 
cycle ++; 
} while (data >= 0) ; 

) 



Although the preferred embodiments of this invention have been disclosed herein, the inventions may be embodied 
in other specific forms without department from the essential characteristics described in herein The embodiments 
described above are to be considered in all respects as illustrative and not restrictive in any manner Any and all 
changes wh.ch come withm the meaning and range of equivalency of the appended claims are to be considered within 
their scope. 
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1 . A system for transmitting and receiving signals, comprising: 

a digital integrated circuit having a transmitter which generates first signals at an intermediate frequency, said 
transputer hav.ng a first plurality of circuits generating first baseband signals, said transmitter comprising a 
converter coupled to receive parallel input data signals and which converts said parallel input data to serial 
data, a spreader an over-sampling filter a gain control, and an up-converter; 
an integrated circuit receiver module comprising- 

a receiver having a plurality of circuits to generate a second plurality of output data signals, said plurality 
of circuits comprising a down-converter to convert second signals at an intermediate frequency to second 
baseband signals, a decimating filter a gain control, and a correlator which generates said plurality of 
output data signals a clock generator coupled to said transmitter and said receiver, said clock generator 
having at least one numerically controlled oscillator; 

at least one memory, accessible via memory mapped input/output, which provides storage locations for 
programming of said digital integrated circuit; and a phase error measuring module which measures a 
phase error between an external signal and one of said plurality of output data signals: 

a processor coupled to said integrated circuit, said processor writing parameters to said at least one memory 
and reading said plurality of output data signals and the phase error: 

a memory mapped interface coupled between said processor and said digital integrated circuit- 
data and address busses connecting said memory mapped interlace with said at least one memory, and ad- 
dress decoders responsive to the address of the at least one memory via said memory mapped interlace- and 
a niter in said first plurality of circuits which shapes the converted spread input data signals for bandwidth 
reduction and suppression of spectral sidelobes: and 

a filter in said second plurality of circuits which performs out-of-band noise filtering on the down-converted 
second baseband signals. 

2. The system of Claim i . wherein said at least one memory comprises: 

a code phase storage memory a spreading code storage memory, and a spreading code length storaoe mem- 
ory for said transmitter: 

• a gain control programming memory for said transmitter: 
a up-converter frequency memory; 

• a transmitter modulation procedure selection memory: and 

an over-sampling filter interpolation factor memory for said transmitter 
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3. The system of Claim 2, further comprising: 

• a memory for storage of a code phase, spreading codes and spreading code lengths of said correlator, with 
a granularity of half a code bit period: 

a gain control memory which stores the gain control factor for said receiver: 

• a down-converter frequency storage memory: 

• a demodulation procedure selection memory for said receiver: 

• a decimation factor storage memory for said decimating filter: and 

• a clock frequency memory for said clock generators. 

4. The system of Claim 3, further comprising means for programming the codes of said correlator block and of said 
spreader with a maximal code length of 1024. 

5. The system of Claim 4, wherein said up-converter and said down-converter comply with the CORDIC algorithm. 

6. The system as recited in Claim 5. further comprising an external pilot demodulator an external traffic demodulator 
and an external noise estimator. 

7. The system recited in Claim 6. wnerein said correlator generates said plurality of output data signals for said 
external pilot demodulator said external traffic demodulator and said external noise estimator said correlator com- 
prising; 

a random access memory for storage of a plurality of PN codes comprising a plurality of pilot codes and a 
plurality of traffic codes; 

a pilot correlator coupled to receive an output signal of said decimating filter and which correlates said deci- 
mating filter output signal with said pilot cedes to generate first output data signals: 

a traffic correlator coupled to receive said output signal of said decimating filter and which correlates said 
decimating filter output signal with said with said traffic codes to generate second output data signals; 
a code phase control circuit comprising having an address generation circuit for said random access memory 
and having a clock inhibit circuit with a cycle of half a code bit period; 

a symbol timing circuit having an interrupt signal generator which generates an interrupt signal for said external 
processor when said plurality of output data signals are ready. 

8. The system as recited in claim 7 further comprising a symbol timing generator, configured as to bypass said symbol 
timing circuit. 

9. The system of Claim 7, wherein said digital integrated circuit is an application specific integrated circuit. 

10. The system of Claim 9, wherein said application specific integrated circuit is a domain specific integrated circuit. 

11. A method of digitally combining low rate input data signals with accurately defined up-converter and down-convener 
intermediate frequencies comprising the step cf using the system of Claim 4 to program said programmable inter- 
polation factor with a value high enough to obtain accurately defined up-converter and down-cenverter frequencies. 

1 2. A method for increasing signal data rate of a transmission and reception system without increasing the transmission 
bandwidth, comprising the steps of: 

at the transmission side: 

dividing the input data signal among a plurality of parallel segments of transmission data: 
spreading each of the plurality of parallel segments to form parallel spread signals using orthogonal or semi- 
orthogonal PN codes: 

* summing the parallel spread signals to generate a sum signal: 
filtering the sum signal to generate a first baseband signal: 
transmitting said baseband signal; and 

• receiving said baseband signal in a receiver with parallel correlators ;o synchronized to despread said sum 
signal. 

13. The method as recited in claim 12. wherein said receiver comprises a receiver chain with a down-converter a 
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receiver filter and a gain control: a receiver chain clock generator couplec to said receiver chain- means for pro- 
gramming said receiver chain and said clock generator having a clock frequency storage memory and a code 
phase storage memory: and a processor programmed to ciose synchronization of said piiot demodulation traffic 
demodulation and noise estimation by calculating the control values for said clock frequency storage memory and 
said code phase storage memory. 

14. The system of claim 13 further comprising supporting circuitry to form a position determination device. 

1 5. A method for obtaining spreading code phase acquisition within 1 symbol period with low power consumption usino 
the system as recited in claim 6, comprising the steps of: 

• loading said spreading codes in said spreading code storage memory: 
setting said code length equal to 1 : 

• reading said plurality of output data signals by said symbol timing generator: 

• performing a spreading code phase acquisition within 1 symbol period, deriving the output of said symbol 
timing generator: 

• applying said output to said receiver: 

• switching the output to said symbol timing circuit: 

• setting said code length equal to the length of said spreading codes, and disabling said symbol timing gener- 
a tor. 

16. A method for concatenating short spreading codes into spreading codes with a code length higher than the length 
of said spreaomg code storage memory, using the system as recited in claim 2 comprising the steps of: 

• loading the short spreading codes subsequently in said spreading code storage mcmory ; each of the short 
spreading codes being determined by the offset address in said spreading code storage memory 

• concatenating said short spreading codes by addressing said spreading code storage memory in a predefined 
sequence of offset addresses via said code phase storage memory. 

17. A modem development kit, comprising: 

• a programmable modem which receives input data signals and modulates and uo-converts said input data 
signals into first intermediate frequency signals and which demodulates and down-converts second interme- 
diate frequency signals into output data signals, said programmable modem comprising an integrated circuit 
comprising: 

a transmitter chain which generates first signals at an intermediate freouency. said transmitter chain having 
a plurality of circuits generating first baseband signals, said transmitter comprising a converter coupled 
to receive input data and convert said input data into said first serial baseband signals, a spreader, an 
over-sampling filter, a gain control, and an up-convener with a programmable frequency which converts 
said baseband signals to said first intermediate frequency signals. 

a receiver chain which generates a plurality of output data signals, said receiver chain having a down- 
converter with a programmable frequency which converts said second intermediate frequency signals to 
second baseband signals., a decimating filter, a gam control, and a correlator to convert said second base- 
band signals into said plurality of output data signals, and 

a clock generator coupled to said transmitter chain and to said receiver chain, said clock generator having 
at least one numerically controlled oscillator: 

a programmable digital signal processor: 
a field programmable gate array chip: 
an analog to digital converter: and 
a digital to analog converter; 

a radio to up-convert said first intermediate frequency signals to a first radio frequency signal, and to convert 
a second radio frequency signal to said second intermediate frequency signal: 

an external programming device coupled to said programmable modem, to said digital signal processor and 
to said field programmable gate array said external programming device providing prooramming for said digital 
signal processor, for configuring said field programmable gate array chip and for sa ideogram mable modem- 
said external programing device further comprising means for initiate said modem development kit and 
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means for monitoring and means for controlling said modem development kif and 
• an mterface between said external programming device and said programmable modem 

18 ' i T " e rf ^ em j jeV K e, °P ment ki < of Claim 17. wherein said interface comprises a serial interface and/or a parallel 
T»1T ^ W h ,P S3 ' d eXtemal pf09rammin 9 device is a personal computer wherein said personal computer 
ma.nta.ns a hardware configuration file for said field programmable array and a hardware configuration file for said 
programmable modem. 

1 ^ ° f C,a ' m 1 8: Whefein Pr ° 9rammab,e di 9 ita ' si 9nal processor is integrated on said 

20. The modem development kit of claim 19 further comprising an interface to emulating and debugging programs 
temgjmpiementable on said digital signal processor, said programs being compiled on said external programming 

21. A rrctrco lor customizing a domain specific integrated circuit for an application, using the moaem development 
mi n% rocnca in Claim 17, comprising the steps of: 

• cc iccttng the specifications of said application: 

• cn.juimc rt first set of programmable parameters: 

• .n.k-.ii/.r.j the field programmable gate array, and the digital signal processor, and the programmable modem 
vmn s^.d first set of programmable parameters; 

• mon.tonng the behavior of said programmable modem, initialized with said first set of programmable param- 
eter:, comprising the steps of introducing a Doppler shift and a crystal offset: 

• acrvmq i second set of programmable parameters: 

• ropo.iimg said initialization, said monitoring and said deriving step until a set of parameters is derived which 
result m 'unctions complying with said specifications. 

22. A rroirnn tor designing an application specific integrated circuit, using the modem development kit as recited in 
Ua.m t7 comprising the steps of: 

• co loctmg the specifications of said application: 

• choosmc a first set of programmable parameters: 

• inrtnii/mq the field programmable gate array, the digital signal processor, and the procrammable modem with 
snd itrsi sgi of programmable parameters: 

mon.tor.ng the behavior of said domain specific integrated circuit, initialized with said first set of programmable 
pa-nmctcrs. comprising the steps of introducing a Doppler shift and a crystal offset: 

• deriving a second set of programmable parameters 

repcntmg sa.d initialization, said monitoring and said deriving steps until a set of parameters is derived which 
result m functioning for said domain specific integrated circuit according to said specifications' and 
designing the application specific integrated circuit according to the set of programmable parameters. 

23. The method as recited in Claim 21, wherein the steps of specifying said application specific integrated circuit 
comprises 

selecting a modulation scheme: 
switching the filters cn or off: 
determining the over-sampling factor, 
determining the decimation factor 
determining the transmitter intermediate frequency: 
determining the bandwidth of the PN code bit frequency PLL: 
determining the bandwidth of the carrier frequency PLL: 
determining the gain of the PN code bit frequency PLL: 

determining the gain of the carrier frequency PLL: determining the PN cede length, 
determining the tracking update rate: 
determining the symbol rate: 
determining the PN code set 
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